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ABSTRACT
Bouchard, Krystle A. M.S., Department of Biological
Sciences, Wright State University, 2009. Finding the
Trophic Trickle: Using Herbaceous Indicator Species to
Investigate Plant Recovery from Intense Browsing by Whitetailed Deer (Odocoileus virginianus) after the Recolonization of a Top Predator (Canis lupus).

High densities of white-tailed deer (Odocoileus
virginianus) have been implicated in changing forest
community structure and composition. Top predators,
including gray wolf (Canis lupus), were extirpated from
much of their range by the mid 1900s, but have since
returned to Northern Wisconsin. To determine whether the
re-colonization of wolves could initiate a trophic cascade
resulting in the recovery of understory plants from deer
browsing, I surveyed four herbaceous species in areas
without wolves and areas with 4-6 year old wolf packs and
12-13 year old wolf packs. Plant size and reproduction were
greater in areas where wolves had been for 12-13 years
compared to areas where wolves were absent. Plant size
structure shifted toward larger plants in response to

iii

wolves. Lack of a significant response in the 4-6 year
vegetation indicates a lag time in the trophic cascade.
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I. INTRODUCTION
High densities of white-tailed deer (Odocoileus
virginianus) have been implicated in changing forest
community structure and composition (Waller and Alverson,
1997; Rooney & Waller 2003). Increases in the amount of
edge habitat have facilitated increases in the size of the
deer population, while decreases in total habitat area have
resulted in large deer populations confined to small areas.
This, coupled with the loss of top predators such as the
gray wolf (Canis lupis), has altered plant communities
significantly.
The ecological value of top predators was historically
underappreciated, as it was thought that competition for
resources regulated populations (Steneck, 2005). In the
1960’s and 1970’s a few, now classic, studies demonstrated
the role of apex predators as keystone species—species that
affect a community proportionately more than expected by
their abundance (Steneck, 2005). Paine (1966) showed that
the removal of starfish (Pisaster orachraceus) resulted in
a loss of species diversity where an almost monoculture of
1

herbivores was created, eliminating other predators, and
significantly reducing primary production through sheer
removal of algae. Estes and associates (1978) demonstrated
that sea urchin abundances were higher and algae abundances
were lower in areas where sea otters were absent than areas
where sea otters were present, implying that sea otters (an
apex predator) were exhibiting top down controls on the
system and were important in maintaining species diversity.
The presence of these trophic cascades has produced
mounting evidence for the value of top predators in
maintaining and also restoring biodiversity.
Studies of trophic cascades specific to wolves have
indicated that wolves are, indeed, top predators that can
produce trophic cascades and aid in ecosystem and
biodiversity recovery from herbivore damage. Studies from
Isle Royale indicate that wolves regulate moose abundance,
which in turn regulates moose herbivory and thus the
abundance of its preferred browse species balsam fir
(McLaren & Peterson, 1994). Studies from Yellowstone
National Park have indicated that the reintroduction of
wolves correlates with of some tree species from intense
deer browsing, a result that did not occur even when the

2

elk herds were culled during the 1960s (Ripple et al.,
2001; Ripple & Beschta, 2003).
Another place to study the usefulness of wolves in
restoring the plant community is northern Wisconsin, an
area that wolves have naturally re-colonized, deer
densities are high, and plant damage is evident. Wolves
were extirpated from Wisconsin by 1960, but their absence
from the landscape was only temporary. As early as 1975,
wolf packs had re-colonized areas of northwestern
Wisconsin. Since then, wolves have pushed further east and
packs can be found throughout much of northern Wisconsin.
The wolf population has been monitored extensively since
1975 to determine population size and locations of pack
territories (Wydeven et al., 2009). With such a record of
the history of wolf re-colonization in areas of high deer
density, northern Wisconsin provided the opportunity to
investigate wolf-initiated trophic cascades in a system
where it had not yet been investigated.
It was not known whether a trophic cascade could be
observed in this system as it is a more complex system than
the Isle Royale and Yellowstone systems. The Isle Royale
system is confined to an island, so it is a fairly closed
and isolated syste, and thus the players in the system are
3

well defined. Yellowstone provides a different landscape
that might be more conducive to facilitating a
behaviorally-mediated trophic cascade.
With the wolf population and territory history data,
collected by the Wisconsin Department of Natural Resources,
it was possible to monitor the effects of wolves on the
community through time. In this study, I investigated
whether or not wolf re-colonization in northern Wisconsin
has initiated a trophic cascade, similar to that found in
Yellowstone, where plants can recover from years of intense
herbivory. I define plant recovery as an increase in plant
size and reproduction and a shift in the size structure of
a plant population toward a distribution that is more even
and less skewed toward smaller plants.

The objectives of this study were:
1) to determine if a trophic cascade has been
initiated by the re-colonization of wolves in
northern Wisconsin
2) determine the timeline along which the effects of
the cascade become visible, and
3) determine the strength of the trophic cascade
relative to the complete removal of deer.
4

It was my hypothesis that wolf-re-colonization in
northern Wisconsin would initiate a trophic cascade that
would allow the plant community to recover from years of
intense deer browsing. I used four herbaceous indicator
species (Clintonia borealis, Polygonatum pubescens,
Trillium grandiflorum, and Uvularia sessilifolia to
identify the trophic cascade. I observed the proportion of
reproductive plants, plant size, and population size
structure of all four species. These variables were
compared for areas with and without wolves to determine if
wolves were producing a trophic cascade that would allow
plant recovery. Greater reproduction and plant sizes in
wolf areas than in nonwolf areas, as well as shifts in size
structures, would be indicative or a trophic cascade. I
also compared these response variables to deer densities
and indicators of deer browse pressure to ensure that the
effects I was observing were due to differences in wolf
treatments not differences in deer densities.
I also hypothesized that there would be a lag time
between wolf re-colonization and plant recovery, however, I
made no guess as to how long the lag time would be other
than that evidence of recovery would not be visible within
the first year after re-colonization. To investigate this
5

hypothesis, I observed all four indicator species over a
gradient of wolf presence including areas with no wolves,
areas where wolves had been established for only 4-6 years,
and areas where wolves had been established for 12-13
years. Plant size, reproduction, and size structures were
compared among these treatments to determine when plant
recovery became evident.
My last hypothesis was that the plant recovery would
follow a trend similar to when deer were completely
excluded, however, the magnitude of plant recovery would
not be as great as the recovery when deer were completely
excluded from the system. For this portion of the
experiment I compared plants in the wolf treatments to
plants found in deer exclosures. As plant recovery in
exclosures is subject to the browse history of those
plants, exclosures can be used to demonstrate the recovery
potential of a species in the absence of deer browse
pressure. This would provide a gauge for the magnitude of
plant recovery in response to wolf re-colonization.

6

II. BACKGROUND

BIOLOGY AND ECOLOGY OF ODOCOILEUS VIRGINIANUS
The white-tailed deer (Odocoileus virginianus) is an
ungulate herbivore that has been very successful in
propagating itself in recent years. The success of this
species has been facilitated by human activities such as
forest fragmentation. As a result of decreasing forest
areas but increasing forest fragmentation, deer populations
have continued growing but in more confined areas,
resulting in increased deer densities. These high densities
have been implicated in causing negative effects on forest
plant communities.

Geographical Range and Habitat
White-tailed deer can be found throughout much of
North America, Central America, and into South America
(Smith, 1991). In North America white-tailed deer range
from southern Canada throughout most of the mainland of the
United States, except for the dry areas in Utah, Nevada,
and California (Smith, 1991). Nineteen sub-species are
7

located in North America, eleven sub-species in Central
America, and eight sub-species are located in the northern
part of South America (Smith, 1991). The sub-species
relevant to this study is Odocoileus virginianus borealis.
It can be found from southeastern Canada (Quebec, New
Brunswick, Nova Scotia) south to Virginia, west to the
southern border of Illinois, and northwest through
Minnesota and almost to the western borders of Ontario
(Smith, 1991). This is one of the largest ranges of all
sub-species of white-tailed deer.
White-tailed deer can be found in many different
habitats from temperate forests to tropical forests,
grasslands, and even semi-arid environments provided there
is enough low-lying vegetation to support them (Baker,
1984; McCabe & McCabe, 1984). Various human activities have
allowed white tailed deer to expand their range from what
it was historically. Human interference in the natural fire
cycles of grasslands has allowed deer to expand into areas
that were once grasslands. Reducing the frequency of fire
allows woody vegetation to grow in, providing browse for
deer (Baker, 1984). Logging activities have also
facilitated range expansion of white-tailed deer. When a
forested area is cut, the successional stage of the forest
8

is reset. Early successional species abound, providing more
food for deer, and increasing the number of deer an area
can support. In boreal forests, where browse quality is
poor, resetting succession through logging provides fresh
browse for deer, allowing deer to move farther north into
boreal habitats where they were once rare or nonexistent(Baker, 1984).

Home Range and Migration
White-tailed deer often inhabit a defined home range
throughout the year, however, they are not very territorial
(Smith, 1991). The size and shape of white-tailed deer home
ranges vary across the species’ geographical range.

Home

range sizes increase as the climate becomes colder and
decrease with increasing deer density (Marchington & Hirth,
1984). The home ranges of bucks are also often larger than
those of does. Range shape varies from elongated to
circular or irregular shaped, with elongated being the most
common. The degree of elongation varies with the degree of
resource availability, with less elongation when more
resources are available. Range elongation is thought to be
most effective at maximizing resource use while minimizing
energy expenditure by reducing the amount of movement
9

necessary to obtain resources (Marchington & Hirth, 1984);
the fastest route between two points being a straight line.
Within their range, deer tend to move very little (less
than 1.6 km per day). Range movements vary with factors
such as sex, age, and physical condition, as well as season
and habitat (Marchington & Hirth, 1984).
Seasonal migrations of white-tailed deer are common
(Marchington & Hirth). These migrations are most extreme in
areas where habitat conditions vary widely with the season
(deep snows during winter, etc.). Deer may also shift their
home ranges slightly throughout a season as the resources
in an area are used up (Marchington & Hirth, 1984), thus
shifts in home ranges may also be related to deer density.
As deer become more abundant they will use up the resources
in an area faster, resulting in more frequent intra-season
range shifts.

Diet
White-tailed deer are considered browsers, eating
anything from trees, shrubs, and forbs to grasses and
sedges, fruits, nuts, and mushrooms (Verme & Ullrey, 1984).
The diet of the white-tailed deer varies throughout the
year, depending on the types of food available (Smith,
10

1991). Grasses and forbs provide a large portion of their
diet during the spring and early summer. Fruits and seeds,
such as acorns, tend to dominate the diet in the autumn.
Winter diets depend on the climate of the area. In areas
where snowfall covers the herbaceous vegetation woody
browse dominates the winter diet. In other areas where
snowfall does not cover the herbaceous layer, dried leaves,
grasses, sedges, and fungi make up a large part of the
winter diet of white-tailed deer (Smith 1991).
Deer spend much of their time foraging. As they travel
throughout their home range, deer travel from one feeding
site to another along well established trails. Foraging is
not exclusive to feeding sites, however, as deer stop and
browse frequently between sites (Marchington & Hirth), thus
the impacts of deer browsing are not exclusive only to
foraging sites, but are widespread throughout the forest.
However, foraging sites may experience more intense
browsing, especially when they are used by multiple deer.
Since deer are not very territorial (Smith, 1991) their
home ranges can easily overlap.
Foraging is often selective, as deer tend to choose
food items that are more palatable and nutritious (Verme &
Ullrey, 1984). Although the exact mechanism for plant
11

selection is not yet known, deer are somehow able to
discern differences in chemical compositions of plants and
choose plants that contain compounds that they consider
favorable. Some evidence suggests that food preferences may
be learned and passed on through generations as fawns
imitate the food choices of their mothers (Verme & Ullrey,
1984). Other evidence suggests that deer favor plants rich
in nitrogen over plants that contain less nitrogen
(Tripler, 2002).
Preferences vary from one habitat to another and are
also subject to food availability (Verme & Ullrey, 1984).
In areas where little food is available deer cannot afford
to be so choosy. Preference for particular species can have
drastic effects on the plant communities, especially in
areas of high deer densities.

Deer as a Keystone Species
A keystone species is a species that has significant
effects on the distribution and/or abundance of either
competing species or species in different trophic levels in
a way that can alter community structure (Waller and
Alverson, 1997). Because of the dramatic changes they can
cause in the plant community, white-tailed deer are
12

considered a keystone herbivore in the north temperate
deciduous forests of eastern North America (Rooney &
Waller, 2003; Waller & Alverson, 1997). Browsing by high
densities of white-tailed deer can affect forest
composition and seedling growth (Curtis and Rushmore 1958;
Rooney & Waller 2003; Waller & Alverson, 1997), and thus
create gaps in community structure (Rooney, 2001), reduce
species richness and diversity (Gill & Beardall, 2001), and
slow forest succession (Tripler et al., 2002).
Intense browsing on preferred species can not only
reduce the abundance of those species (Rooney & Waller,
2003), but also size and reproductive output (Rooney,
2001). Unpalatable species that are not browsed as
intensely as palatable species are able to increase in size
and number as space becomes available from loss of
preferred plants while preferred plants dwindle in size and
number, resulting in shifts in species abundance weighted
heavily toward unpalatable species (Anderson & Katz; 1993;
Rooney & Waller 2003; Waller & Alverson 1997; Curtis &
Rushmore 1958). Plants that are more tolerant to browsing
(better able to recover from browsing) are also favored
over plants that are less tolerant, and a shift toward more
tolerant species may occur (Anderson & Loucks, 1979;
13

Stoeckeler et al., 1957). A shift toward more tolerant
species may appear beneficial to the plant community as
there will be a shift toward plants that can survive
intense deer browsing, but that benefit comes at the cost
of loss of diversity. Fern parks, forest understories that
are dominated by ferns with few saplings or understory
herbs, have been created as a result of deer browsing
(Rooney 2001). Understories dominated by ferns show a clear
loss of plant species diversity, and, as a result, might
also experience a loss in animal diversity.
Any shift in the abundance of plant species can alter
overall forest succession.

This is especially evident when

deer change the relative abundances of tree seedlings and
saplings. When palatable woody species are also the
dominant species in the overstory, a reduction in sapling
abundance reduces the number of dominant trees that can
fill in canopy gaps as they occur. This allows unpalatable
woody species to increase in relative abundance in the
understory and later in the overstory (Rooney & Waller,
2003), altering the community composition and creating a
different path of forest succession. As a result of deer
browsing, eastern hemlock (Tsuga canadensis) has not been
replacing itself in some areas of New England and the Great
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Lakes region, which will likely result in a shift in
community structure as overstory hemlock die and are
replaced by other species (Rooney 2001).
High levels of deer browsing can also slow forest
succession. If palatable saplings are browsed severely, but
not eliminated from the understory community, the time it
takes for the saplings to grow out of range of deer
browsing increases (Ross et al., 1970). Deer often browse
the apical meristems of saplings, thus reducing plant
growth, keeping the plants in the sapling class (Gill &
Beardall, 2001). With fewer trees growing out of the
sapling class, a gap in the community structure is created
as there is a lack of large saplings, which eventually
translates into a lack of pole-sized trees, creating a gap
between small saplings and the overstory trees. Gill and
Beardall (2001) observed saplings that remained in the
sapling height class for 25 years as a result of high deer
browse intensity.
Herbaceous species are also affected by deer browsing.
Deer prefer more palatable species such as Trillium over
less palatable species such as jack-in-the-pulpit
(Augustine & Jordan 1998). White-tailed deer tend to feed
on taller Trillium plants which are also the flowering,
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reproductively active plants, thus reducing the height of
the Trillium and the number of reproductive plants, which
then reduces the Trillium population (Anderson 1994).
Continuous browsing on non-flowering Trillium plants may
cause the plants to enter dormancy, resulting in even less
reproduction (Rooney & Gross 2003). Frequency and percent
cover of other herbaceous species such as bluebead lily
(Clintonia borealis) and wild sarsaparilla (Aralia
nudicaulis) also decline in areas of high deer density
(Balgooyen & Waller 1995). Loss of these herbaceous species
may result in less food for other herbivores, thus intense
deer browsing may affect species within the herbivore
trophic level, as well as in other trophic levels
interacting with those species, consistent with Waller and
Alverson’s (1997) definition of a keystone species.
A more classic definition of a keystone species is
that a keystone species is one that affects the community
disproportionately with its abundance, meaning it is a
species of low relative abundance that greatly affects the
community (Steneck, 2005). In this case, white-tailed deer
would not be considered a keystone herbivore since their
effect is proportionate with their abundance—high deer
densities have drastic effects on the plant community. It
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might be more accurate, then, to simply call white-tailed
deer a dominant species—an abundant species that also
greatly influences the rest of the community (Steneck,
2005). Regardless of its classification as a dominant or
keystone species, it is clear that white-tailed deer have
had a dramatic impact on forest communities and these
effects can be reduced only through some sort of
interference.

BIOLOGY AND ECOLOGY OF CANIS LUPIS
Gray wolves (Canis lupis) are predators of large game,
especially ungulates (Mech, 1970). Their geographic range
has changed over the course of the history of North
America. Wolves were exterminated over large areas of the
continent after European settlement but have recently recolonized areas they once inhabited either through natural
migration or reintroductions by humans.

Geographical range and habitat
The historic range of gray wolves in North America was
widespread, as they were absent only from arid deserts and
tropical rainforests (Mech, 1970), thus overlapping much of
the range of white-tailed deer. Currently, gray wolves in
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North America are found in Alaska and across most of
Canada, with the exception of the Maritime provinces,
Newfoundland, and the more populous areas of Southern
Canada (Mech, 1970). In the United States, wolves can be
found in Yellowstone National Park, Minnesota, northern and
central Wisconsin, and the Upper Peninsula of Michigan.

Pack and Territory Sizes
Wolf pack size is highly variable, ranging from two to
36 wolves, although most packs seem to be composed of seven
or fewer individuals. One factor affecting pack size is the
size of prey available in regards to both hunting and
feeding efficiency (Mech, 1970). Prey must be small enough
for the pack to handle safely, but large enough to be an
adequate food source. Social constraints such as bond
formation and competition among members may be more
important factors, however, as pack sizes are similar in
areas with both small and large prey (Mech, 1970).
The sizes of wolf territories are quite variable among
habitat types and seasons. They also vary within habitat
types. The territories of tundra wolves in Alaska may vary
between 150 and 1200 mi2 during the summer and 36 to 5000
mi2 in the winter. Territories often shift with the season
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in areas of deep winter snows, either expanding to include
a larger area or shifting and moving to follow prey
migration (Mech, 1970).
Wolves in Wisconsin, rather than of the Alaskan
tundra, are of interest to this study. The demographics of
Wisconsin wolves seem to fall at the lower ends of the pack
and territory size spectrums observed in Alaska. Pack size
from Wisconsin varies from 2 to 10 wolves (Wydeven et al.,
2009). Average pack size decreased as the total wolf
population in the state grew, with a current average of
3.2-4.1 wolves per pack (Wydeven et al., 2009). Territory
size also decreased as the total wolf population increased.
Average territory size is currently approximately 135 km2
per pack (Wydeven et al., 2009). The smaller pack and
territory sizes may be due to a few factors: smaller game
species, a higher density of food, or simply less space
available for territories.

Diet
Wolves tend to prey on larger herbivore species,
generally greater than or equal to the size of beaver
(Mech, 1970). Large ungulates, including white-tailed deer,
mule deer, moose, elk, and caribou, are common prey species
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(Mech, 1970, Peterson & Ciucci, 2003). Prey preference
probably varies regionally based on local abundance of each
species as well as prey size and defenses. Wolves tend to
prefer species and individuals that are easier to catch
(Mech, 1970), which is more efficient for energy
expenditure. Preference may also depend on pack size since
more wolves are necessary to take down larger game safely.
The prey killed by wolves is usually only enough to
sustain them, however, ―surplus killing‖ has been known to
occur in areas where conditions make it unusually easy to
catch and kill prey (Mech & Peterson, 2003). Estimates of
the amount of meat needed for a wolf to sustain itself
range from 0.5 to 24.8 kg/day (Mech & Peterson, 2003). In
areas, such as the Great Lakes region, where white-tailed
deer comprise a large portion of wolf diet, one wolf would
need approximately 15-19 adult deer/year to sustain itself,
assuming deer comprise 80% of their diet (Mech & Peterson,
2003). Deer fawns are an especially important part of wolf
diets in early summer as they are more vulnerable and easy
to catch (DelGuidice et al., 2009).
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Wolves as an Apex Predator and Keystone Species
Wolves are considered apex predators because their
abundance is not controlled by any other predator (Steneck,
2005), unless, of course, humans are counted as a predator.
Wolves have been considered a keystone species because they
can have a great impact on herbivore populations relative
to their abundance. It is a commonly held belief that
wolves, as top predators of deer and other large
herbivores, historically kept herbivore populations in
check and regulated their impact on the plant community
(Rooney, 2001).
Wolf range historically overlapped with much of the
white-tailed deer range and wolves were the top predators
of deer in many parts of the continent. As mentioned above,
deer may comprise approximately 80% of a wolf’s diet in
some areas, thus wolves may have some impact on the number
of deer in a population. Historically, the influence of
wolf predation on deer may have been somewhat more than it
is today. While the overall deer population today may be
close to what it was historically (McCabe & McCabe, 1984),
there were probably many more wolves. With fewer wolves,
the relative impact of wolves on the deer population is
probably very minimal.
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Wolves may impact herbivores in ways other than
regulation of population size. The presence of wolves can
alter the spatial use of prey species (Ripple et al., 2001;
Ripple & Beschta, 2003) as well as the time spent
performing some behaviors such as eating and vigilance
(Lima & Dill, 1990). These impacts on herbivore populations
may influence the effects of the herbivore on the plant
community, and may be a more effective mechanism of
regulating herbivore impacts than simply reducing herbivore
numbers.

TROPHIC CASCADES
Implicit in the definition of a keystone species is
its ability to cause trophic cascades throughout the system
(Steneck, 2005). Trophic cascades are interactions between
organisms of different trophic levels in a food web that
result in changes to other areas of the system,
specifically other trophic levels (Polis et al. 2000).
Trophic cascades often occur when the top predators
influence the abundance or behavior of their herbivorous
prey species, which, in turn, influences the abundance of
the plant species the herbivores eat. Trophic cascades can
occur at the species level, where only a few species in the
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community are affected by the interaction, or at the
community level, where the interaction affects most of the
species in the community (Polis et al. 2000). Classic
examples were mentioned in the introduction.

The Aquatic vs. Terrestrial Debate
Trophic cascades in aquatic systems have been widely
established, however, trophic cascades in terrestrial
ecosystems appear to be somewhat elusive. It is often
argued that in aquatic ecosystems the effects of trophic
cascades are more pronounced due to the simplicity of those
systems, which are not very species rich, and that
terrestrial ecosystems are generally more species rich and
have more complex interactions, so trophic cascades in
terrestrial systems may be less pronounced, if they occur
at all (Polis et al. 2000). Another explanation for these
differences is dissimilarity in the edibility and
nutritional value of the ―plant‖ species, where plants in
terrestrial systems are less edible and nutritious than
aquatic systems, reducing the magnitude of visible effects
(Steneck, 2005). The amount of material consumed by
herbivores also differs between aquatic and terrestrial
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systems, with aquatic herbivores consuming more material,
perhaps making their effects more pronounced.
Other possible reasons for the discovery of more
aquatic cascades than terrestrial cascades are the length
of time it takes for a cascade to become visible and how
well the system scales for ecological studies (Steneck,
2005). Trophic cascades in aquatic systems are often
visible after only one or a few seasons, whereas
terrestrial cascades may take longer to become evident.
Also, most trophic cascades are observable in small scale
experiments using micro- or meso-cosms, whereas an entire
landscape may be necessary for a terrestrial trophic
cascade to occur.
Regardless of the debate about whether aquatic or
terrestrial trophic cascades are stronger or occur more
frequently, there is evidence that terrestrial cascades do
occur. In a review of the effects of carnivore removals on
plants, Schmitz et al. (2000) found that trophic cascades
were observable in 75% of the studies performed and the
strength of those cascades were equal to those of aquatic
systems. In many cases, however, these cascades were
different than the cascades observed in aquatic systems as
decreased damage to the plants, rather than in increase in
24

plant biomass or reproduction (Schmitz et al., 2000; Halaj
& Wise 2001), suggesting trophic cascades in terrestrial
systems may be missed if the wrong plant response variable
is chosen. Schmitz and associates (2000) also suggested
that observational and field experiments were more
effective for measuring terrestrial cascades than trying to
sue mesocosms.

Most of the studies used in their review

ere of invertebrate rather than vertebrate predators, and
all included invertebrate herbivores, however (Schmitz et
al., 2000).

Evidence for Wolf-initiated Trophic Cascades
Evidence from studies of the effects of elk (Cervus
elaphus) on the plant community in Yellowstone National
Park have indicated that the reintroduction of wolves has
initiated a trophic cascade that allows plants to recover
from intense browse pressure (Ripple et al., 2001; Ripple &
Beschta, 2003). Pellet counts indicated that elk were more
abundant in areas wolves did not use frequently and less
abundant in areas where wolf use was more frequent (Ripple
et al., 2001). Aspen (Ripple et al., 2001) and cottonwood
(Ripple & Beschta, 2003) located in areas of high wolf use
were significantly taller than in low use areas, although
25

the percentages of plants browsed did not differ between
high and low wolf use areas. Taller plants in areas of high
wolf use suggest that wolves are influencing elk in some
way that allows plants to recover from decades of intense
browsing.
While other factors besides wolves could be
responsible for the recent recovery of aspen and
cottonwood, evidence that wolf reintroduction may be
responsible is two-fold. First, elk reduction programs in
the park during the 1960s did not result in the recovery of
aspen from herbivory (Ripple et al., 2001)—recovery was
observed only after the reintroduction of wolves over 30
years later. Second, the recovery of plants from elk
browsing is spatially patchy with most sites located in
areas where terrain is unfavorable for detecting and
escaping predators (Ripple & Beschta, 2003), and in areas
of high wolf use (Ripple et al., 2001), suggesting elk may
have altered their spatial use in order to best avoid
predators. This alteration of spatial use allows plants in
high-risk areas to recover from browse since they are
visited less frequently. Thus, there is a trophic cascade—a
top predator influences an herbivore in a way that
influences the plant community.
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The mechanism for the wolf-initiated trophic cascade
in Yellowstone seems to be behavioral. That is, wolves have
altered the browsing behavior of elk in a way that has
translated to plant recovery. The patchiness of plant
recovery indicates that elk may not be frequenting some
patches of vegetation as often as others as a behavioral
modification of their spatial use in response to the
presence of predators. Another possible mechanism for this
behaviorally-mediated trophic cascade is that wolf
reintroduction may cause elk to spend more time being
vigilant and less time eating. When predators are present,
elk may have to make a trade-off between watching for
predators and eating (Lima & Dill 1990). If the elk are
occupied with watching for predators, they may eat less,
and therefore have less of an effect on the plant community
even at the same high densities. Evidence from Laundré et
al. (2001) suggests that elk vigilance has increased in
response to wolf reintroductions in Yellowstone.
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INDICATOR SPECIES
Since some species are impacted more by deer browsing
than other species, they can be used as an indicator of the
level of deer browse pressure in an area. A good indicator
species is a species that is palatable to deer and
sensitive to browsing, but not so sensitive that it is
eliminated from the community by intense browsing. The
species must be tolerant enough to withstand browsing to
some extent, but sensitive enough that it can be used as a
record of deer browsing in an area. Sugar maple is a browse
tolerant tree species that is also preferred by deer,
meaning deer browse it preferentially, but it is also
hearty enough that deer do not browse it out of the
understory as quickly as other tree species such as hemlock
(Rooney & Waller, 2003; Frelich & Lorimer, 1985). Thus
sugar maple is often used to record the deer browse
intensity of an area.
A good indicator species should also respond to deer
browse intensity in a predictable manner. For example,
Trillium grandiflorum exhibits significant decreases in
height (Anderson, 1994), as well as reproduction (Knight,
2003, Rooney & Gross, 2003) as deer browse intensity
increases. The most critical trait for a good indicator
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species is that its response to deer browsing is not
specific to itself, but indicative of the rest of the plant
community. Both sugar maple and Trillium grandiflorum seem
to have this property.
With this in mind, I used a suite of herbaceous
indicator species to determine the impacts of wolf recolonization on the understory plant community. Trillium
grandiflorum was one my indicator species as well as
Clintonia borealis, Polygonatum pubescens, and Uvularia
sessilifolia. As with Trillium, plant size and reproduction
of Clintonia borealis also decrease in response to
increases in herbivory (Balgooyen & Waller, 1995).
Polygonatum (Augustine & Jordan, 1998) and Uvularia
sessilifolia (Balgooyen and Waller, 1995) were also
suggested as species sensitive to deer browsing.
All four herbaceous indicator species are perennial
herbs palatable to deer. Because they are perennial, the
size and reproductive state of these species is influenced
by the browse history, or past deer densities, of the area.
Thus these species should be useful indicators of the
response of the plant community, over time, to wolf recolonization, over time.
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I also two used woody indicator species, sugar maple
and red maple (Acer rubrum), in this study. These species
were used because of their resistance to browsing and their
ability to indicate the browse intensity of an area. Woody
species were used to construct a maple browse index in an
attempt to get a more accurate picture of the deer browse
pressure in an area for two reasons:

1) to determine if there were differences in deer
browse intensity among wolf treatments, and
2) to determine if differences in deer browse
intensity were influencing plant size in a way that
could confound the results of the wolf treatment
data.

GAUGING THE EXTENT OF PLANT RECOVERY
Deer exclosures have been important in demonstrating
the impact of deer on growth and abundance of saplings in
the forest community (Stoeckeler 1957; Curtis & Rushmore
1958). These studies have been useful in demonstrating how
much plants can be affected by high levels of deer
browsing. It is important remember, however, that they do
not show the dynamics of a forest that has never been
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browsed, but rather the differences in plant
characteristics when deer are no longer present. The
responses of the plants within the exclosure are affected
by the browse history of the area before the exclosures
were erected (Rooney & Waller, 2003). Thus, exclosures can
be important in not only demonstrating the effects of deer
browsing on the size and reproduction of plant species, but
also in demonstrating how a plant community can recover
when deer browsing is removed.
Plant recovery in exclosures can be compared to field
studies where the intensity of browse pressure has been
decreased when, for example, deer are culled or wolves are
reintroduced to the system. This comparison can be used as
a measure of the magnitude of the plant recovery as a
result of a treatment to reduce deer browse pressure.
Exclosures were therefore used in this study to gauge the
magnitude of the effects of wolf re-colonization on the
plant community, and thus, the strength of the trophic
cascade.
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III. METHODS

WOLF TERRITORY SELECTION
I obtained wolf pack data for 1980 through 2007 from
the Wisconsin Department of Natural Resources (WiDNR) in
the form of ArcGIS shapefiles and associated tables
(Wiedenhoeft, 2008). The procedure used by the WiDNR to
generate the territory shapefiles is included in Appendix
A. I used the shapefiles from WiDNR to create a map of the
history of wolf territory locations and a combination of
each pack’s age, number of wolves per pack, as well as pack
location to determine candidate wolf territories for this
study.
I mapped all territory locations from 1980 to 2007 on
a single map using ArcGIS. Territories were overlayed on
the Wisconsin state outline and county boundaries
shapefiles (Wisconsin Department of Natural Resources, 2007
& 1998, respectively). Territory data was grouped by age
and color-coded to distinguish between packs of different
ages. Territories were grouped into the following
categories: 1-3 years, 4-6 years, 7-10 years, 11-13 years,
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and 14+ years. These ages were created with 2007 as year 1.
The data from 2008 were not used as the effects of that
year would not yet be visible. Shape files that displayed
the locations of county forest, state forest, and national
forest lands were added to the map. These files were
obtained from the Wisconsin Department of Natural Resources
(2008 a & b) and the US Forest Service (2008). A
representative map of 2007 territories is included in
Appendix A.
I targeted candidate wolf packs in specific age ranges
(4-6 years and 9-11 years) that were also located on public
lands. Packs in the 9-11 year category were difficult to
find, so the later wolf category became a range from 9-13
years. After each candidate pack was determined based on
the above criteria, I then looked at the history of radio
collar data for each pack, as well as pack sizes (Tables 6
and 7 in Appendix A). Packs with a large proportion of
their annual territories generated from radio collar data
were preferred, as well as packs with recent radio collar
data. As pack sizes were difficult to estimate and quite
variable, pack size was given little weight as a selection
criterion. Two wolf packs per age category were selected
using the above criteria.
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SITE SELECTION
After selecting specific pack territories to survey, I
then chose potential sites within each wolf territory (two
sites per territory). Sites were pseudo-randomly selected.
A site was first selected by finding areas of the pack that
were on public lands. Within these areas a random point was
selected on the GIS map by zooming in the map to the
selected area, randomly moving the cursor for five seconds,
then coming to rest at a point on the map within the wolf
territory. The coordinates of the selected site were
recorded and transferred to a Gazetteer, where adjustments
were made for accessibility (i.e. near a road or
ATV/snowmobile trail).
Coordinates of potential sites were transferred to a
GPS, located, and scouted to determine their suitability
for the experiment. Characteristics of a suitable site
included a relatively closed canopy (estimated by personal
observation), a canopy dominated by maple or pine, and an
understory with abundant herbaceous vegetation that was
free of dense fir stands. Sites that were near heavily
travelled roads were avoided as much as possible. Sites
along forest service, state forest, or county forest roads
were preferred, and each site was located at least 30m from
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the nearest road. In the event that the site coordinates
did not provide a suitable site, the area immediately
adjacent to it was scouted to determine if any suitable
sites were nearby. If a suitable site could not be located,
I moved on to other potential sites and scouted them until
two suitable sites were established for each wolf pack.
Once a site was chosen, its exact coordinates were recorded
on the GPS.
Nonwolf sites were also selected using the ArcGIS wolf
history map. Nonwolf sites were also located by first
finding public lands. The map was then used to determine
places on public lands that were at least 5 km (in all
directions) from the nearest wolf pack. Potential
coordinates were recorded and transferred to the Gazetteer.
The same procedure for scouting wolf pack sites was used
for scouting nonwolf sites. Figure 2 shows the location of
packs chosen, sites within packs, and nonwolf sites in
relation to other packs during 2008. Nonwolf site 3 is
actually located in a pack area, however, that pack was
established only in the 2008 season, so the effects of the
pack on the deer and on the understory were probably not
yet noticeable during sampling in the summer of 2008.
Descriptions of the counties in which each site was
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located, as well as descriptions of the vegetation present
at each site and site coordinates are available in the
appendix.

SITE SET-UP
Once a site was selected a transect of approximately
five 10m x 10m plots was marked off. Escanaba site 2 and
Pelican Lake site 2 were comprised of four plots and
Pelican Lake site 1 was comprised of only two plots. Sites
with fewer than five plots were located in areas where the
patch either changed to a different overstory type or the
understory changed to thick fir stands. Each transect was
located at least 30m from the nearest road or ATV trail.
For most of the sites, the transects were close to parallel
with the road, however, Escanaba site 1 was almost
perpendicular to the road. Each 10m x 10m plot on the
transect was separated by 20 m, for a total transect length
of 130 m.

MEASUREMENT PROTOCOLS
Each plot was systematically surveyed for each of the
four herbaceous indicator species (Clintonia borealis,
Polygonatum pubescens, Trillium grandiflorum, and Uvilaria
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sessilifolia) and the two woody indicator species (Acer
saccharum and Acer rubrum). To survey the herbaceous plants
the plot was traversed in a zig-zag pattern from one end to
the next and back again in approximately 0.5 m increments
until the entire plot had been surveyed. When present,
specific measurements for each herbaceous indicator species
were taken for a maximum of 200 plants per site. After the
herbaceous species were measured, the woody indicator
species were measured in each plot. A maximum of 10
saplings were measured per plot (50 saplings per site).

Polygonatum pubescens
Evidence of deer browsing, reproductive status, and
plant size were recorded for each P. pubescens plant
surveyed. Deer browsing was recorded when either whole or
partial leaves were missing in a manner that looked
consistent with deer browsing. Each plant was also
classified as reproductive or non-reproductive based on the
presence or absence of fruit on the plant or evidence that
fruit was present at one time (presence of pedicels). Plant
size was initially measured as the number of leaves on each
plant. For plants that were browsed, the number of leaves
that would have been on the plant had the browsing not
37

occurred was estimated when possible. Approximate leaf area
was then calculated using a leaf area curve constructed
from preliminary data (see leaf area protocol).

Uvularia sessilifolia
Browsing, reproduction, and plant size were also noted
for U. sessilifolia. Browsing was determined in a manner
similar to P. pubescens. Plants were considered
reproductive if they either bore fruit or showed evidence
that fruit was once present. The number of leaves for each
plant was also quantified and used to calculate leaf area
using a leaf area curve constructed from preliminary data
(see leaf area protocol). The number of leaves on browsed
plants was also estimated (when possible) if the plant was
browsed.

Clintonia borealis
Evidence of browsing, reproduction, and plant size
were recorded for C. borealis. Browsing was recorded if all
or part of a leaf was missing in a manner consistent with
deer browsing. Reproduction was also noted for each plant
based on the presence of fruit or a scape. The number of
leaves of each Clintonia plant was also recorded.
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Plant size was originally recorded as the length and
width of each leaf on the plant. The length of each leaf
was measured (to the nearest millimeter) from the tip to
the base of the leaf, either where it entered the ground
(single leaf plants) or where it intersected with the other
leaves on the plant (multi-leaf plants), which was just
above the ground. The width of each leaf was measured (to
the nearest millimeter) at the widest part of the leaf.
Length and width measurements were not taken for browsed
leaves. Measurements were then used to calculate total leaf
area from a leaf area curve that was constructed from
preliminary data (see leaf area protocol). Plants without
length and width measurements for all leaves were excluded
from statistical analysis.

Trillium grandiflorum
Deer browsing, reproduction, and plant size were
recorded for each Trillium plant. A plant was considered
browsed if all leaves were missing and only the stem was
remaining, or if whole leaves or partial leaves were
missing in a manner that appeared consistent with a deer
bite. Plants were considered reproductive when a flower or
pedicel was present.
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Plant size was measured in the field as length and
width of each leaf on the plant. The length of each leaf
was measured (to the nearest millimeter) from the base of
the leaf to the tip of the leaf. The width of each leaf was
measured (to the nearest millimeter) at the widest point of
the leaf. For any browsed leaves, the length and width were
estimated by averaging the length and width of the other
two leaves (if only one leaf was browsed) or by copying the
measurements of one leaf (if two leaves were browsed). If
all three leaves were wholly or partially browsed the
measurements were not estimated and the plant was excluded
from leaf area analysis. Length and width measurements were
then used to calculate leaf area using a curve created from
preliminary data (see leaf area protocol).

Woody Indicator Species
Two woody indicator species were used to measure deer
browse pressure at each site: Acer rubrum and Acer
saccharum. A maximum of 10 saplings per plot were measured.
For dense sites, 10 saplings were measured in randomly
chosen quadrats within the plot. Random quadrats were
chosen by blocking off the site into 100 1m x 1m quadrats
and using random number generation in Excel to choose 10
40

random quadrats. Quadrats were sampled until either 10
saplings were sampled or 10 quadrats were sampled. In sites
where maple saplings were either sparse or more spread out,
the first ten saplings found while walking systematically
through the site were measured. When plots had fewer than
10 saplings present, all saplings within the plot were
measured.
The exact height (to the nearest millimeter) of each
plant was measured, and only saplings between 30cm and 1.7m
were used for browse measurements. Stems showing evidence
of old deer browsing were then counted on each plant, as
well as stems that appeared to be browsed by hare, and
stems that did not appear to be browsed. Only old deer
browse was counted to eliminate the effect of sampling
different sites at different times. The total number of
stems on the sapling was calculated in the following
manner:

Total stems = old deer browse + hare browse + unbrowsed
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The percentage of stems browsed by deer was then calculated
for each plant:

Deer browse = old deer browse/total stems

The maple browse index was then calculated as the average
percent of stems browsed per plant for each site.

EXCLOSURES
I also sampled indicator species in exclosures built
to exclude deer. The exclosures, located in two locations,
were erected at least 15 years prior to this study.
Exclosures were surveyed using the same procedure as the
wolf treatment sites. Plants at Exclosures 1 were all
sampled by systematically walking through the exclosure and
measuring all indicator species present up to a maximum of
200 plants per exclosure. Only Polygonatum pubescens was
sampled in abundance at Exclosures 1. Plants at Exclosures
2 were also sampled systematically, however, two exclosures
with thick mats of Clintonia were not entirely sampled.
Those exclosures were sampled systematically for
approximately one hour before I moved on to the next
exclosure. This was done so that the sample would not be
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biased toward the properties of one exclosure. Only
Clintonia borealis was sampled in abundance at Exclosures
site 2.

LEAF AREA PROTOCOL
Leaf area curves were constructed from preliminary
field data for each indicator species.

Field Measurements and Leaf Collection
Plants from each herbaceous species were selected to
represent the complete spectrum of plant sizes.
Approximately equal numbers of plants of different sizes
were collected. Leaves of Uvularia sessilifolia and
Polygonatum pubescens were collected based on the number of
leaves on the plant. One Polygonatum pubescens leaf was
collected randomly from each plant. The leaf furthest out
on the stem of each Uvularia plant was collected. Clintonia
borealis and Trillium grandiflorum leaves were gathered
from the plants to represent the spectrum of plant sizes
based on leaf length and width. One random leaf from each
Clintonia and Trillium plant was collected and measured.
Measurements used to generate leaf area curves were
taken before leaves were removed from the plants. The
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number of leaves on the plant was recorded for both
Polygonatum pubescens and Uvularia sessilifolia before leaf
harvest. Length and width of Clintonia borealis and
Trillium grandiflorum were measured to the nearest
millimeter using a simple measuring tape before leaf
collection. The length of Clintonia leaves was measured
from where the leaf intersected with the ground for singleleafed plants and from where the leaf intersected with the
other leaves for multiple-leaf plants. The length of
Trillium was measured from the base of the leaf to the tip
of the leaf. Leaf width was measured at the widest part of
the plant for both species.

Lab Measurements
After the field measurements were made, and leaves
were collected, they were brought back to the lab and leaf
area was determined. Each leaf was scanned into Photoshop.
Once the leaf was in Photoshop, leaf area was determined
from the Photoshop image from the mean RGB using the
standard protocol of the Rooney lab.
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Leaf Area Curve Construction
A leaf area curve was constructed for each species
using field measurements and leaf areas determined in
Photoshop. Polygonatum and Uvularia curves were constructed
by graphing the number of leaves per plant on the X-axis
and plotting the corresponding leaf area on Y-axis. A
regression line and R2 value were calculated in Excel for
each species’ graph. Clintonia and Trillium curves were
constructed from length and width data. Length was
multiplied by width for each leaf and the natural log of
that product taken. The natural log of length x width was
then graphed on the X-axis and the natural log of the leaf
area calculation from Photoshop was plotted on the Y-axis.
A regression line and R2 value were calculated in Excel for
each species’ graph. Graphs of the leaf area curves for
each species can be found in Appendix D. The following
equations and R2 values were generated from the leaf area
curves for each species:
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Polygonatum:
Leaf area = 1.5045 ∙ Number of leaves (R2 = 0.7022, N = 49)

Uvularia:
Leaf area = 0.4606 ∙ Number of leaves (R2 = 0.6674, N = 41)

Clintonia:
Leaf area = e(1.0604

∙ ln(length ∙ width)) – 0.9133

(R2 = 0.9624, N = 57)

Trillium:
Leaf area = e(0.9952

∙ ln(length ∙ width)) – 0.579

(R2 = 0.9931, N = 29)

Total Leaf Area
Total leaf area was calculated for each plant of each
species. The leaf areas curves allowed the calculation of
the leaf area of only a single leaf on the plant so another
step was performed to determine total leaf area of each
plant. For both Polygonatum and Uvularia, total leaf area
was calculated from the following equation:

Total leaf area = leaf area ∙ number of leaves
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Total leaf area was calculated differently for Clintonia
and Trillium. For those two species, the leaf area was
calculated for each individual leaf on the plant and the
sum of the leaf areas of all leaves on the plant was used
to calculate total leaf area:

Total leaf area =

𝑛
𝑖=1 𝐿𝑒𝑎𝑓

𝑎𝑟𝑒𝑎i

STATISTICAL METHODS
Several analyses were performed on the data collected
from the field including analyses of variance (ANOVA),
Tukey’s tests, Kolmogorov-Smirnov analyses, and chi-square
analyses. These analyses were used to determine how the
measured properties of the indicator species were related
to wolf treatment, weighted deer-density, and maple browse
intensity. Exclosure sites were also compared to treatment
data to determine how the plants in each treatment compared
to plants where no deer were present.
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ANOVA and Tukey’s Tests
ANOVAs were used to analyze differences in plant sizes
(total leaf area) among wolf treatments for all four
herbaceous indicator species and among wolf treatments and
exclosures for Polygonatum and Clintonia. Tukey’s Honestly
Significant Difference (Tukey’s HSD) tests were used to
determine significance relationships between all pairs of
treatments for each ANOVA analysis. These calculations were
made using the statistical program SYSTAT 12.

Kolmogorov-Smirnov Analyses
Kolmogorov-Smirnov analyses were used to analyze
changes in size structure (total leaf area) among wolf
treatments for all four species and among wolf treatments
and exclosures for Polygonatum and Clintonia. The raw data
was then analyzed using a two sample Kolmogorov-Smirnov
analysis in Systat 12. In order to visualize the size
structures of each plant species in each treatment, the
initial data was grouped into similar size categories and
graphed with a histogram of the size categories.
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Chi-square analyses
Chi-square analyses were performed on reproduction
data for each species. This analysis was performed using 2
x 2 tables of observed and expected values of reproductive
and nonreproductive plants. Expected proportions of
reproduction were calculated separately for each species by
pooling reproduction data for all sites and all treatments
surveyed for that species, counting the total number of
reproductive plants and dividing the total number of
reproductive plants by the total number of plants across
all sites. The expected number of reproductive plants was
then calculated for each treatment for each species by
multiplying the expected proportion of reproductive plants
by the number of plants in that treatment. Comparisons of
reproduction in all three wolf treatments were made using 2
x 3 tables and 2 x 4 tables were used to compare the three
wolf treatments and the exclosures. Each treatment was
compared to each other treatment to further distinguish
significance among treatments using 2 x 2 tables.
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Regression Analyses
In order to investigate whether other factors might be
influencing plant size and reproduction regression analyses
were performed to compare weighted deer densities and maple
browse indices for each species. Mean plant size was
calculated for each site and graphed against its
corresponding weighted deer density. A least squares
regression was then performed using SYSTAT 12. The same
procedure was repeated to compare reproduction for each
species to weighted deer density as well as to compare
plant size and reproduction to maple browse indices.
Significance of the relationship was determined at the P =
0.01 level.

Calculating Weighted Deer Densities
A weighted deer density was calculated for each site
surveyed by combining deer densities from past years into
one composite deer density that would be indicative of the
history of deer densities in an area. A weighted density
was calculated instead of using a simple average density to
account for the impacts of past densities on plant
properties with the assumption that the effects of a given
deer density would decrease as time from that historical
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density increased. In order to calculate deer densities for
each site deer density estimates were obtained from the
WiDNR. Maps and data sheets of densities for each deer
management unit (DMU) were obtained as far back as 1995
(Wisconsin Department of Natural Resources, 2009b). Deer
densities are determined by the WiDNR using the sex-agekill method to determine population size estimates.
Population estimates for each DMU are then divided by the
amount of deer habitat in that DMU to determine an estimate
of deer density (Millspaugh et al., 2006).
A map of the deer management units (obtained from the
WiDNR (2009b) was overlayed onto my GIS map of site
locations. I then determined the DMU in which each site was
located. After I determined the DMU for each site, I
determined the deer density at each site for fall and
winter of each year from 1995 to 2007 using the DMU maps
for those years. I then calculated average deer density for
each year at each site by taking the average of fall and
winter deer densities.
Once I calculated the average deer density for each
site in each year, I weighted each deer density for every
site surveyed. Average deer density for a year was weighted
by dividing it by the number of years since that density
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occurred. Year one was 2007, so 2007 data was weighted by
dividing the average density at a site by 1, 2006 densities
were divided by 2, 2005 by 3, etc. until all densities were
weighted through the year 1995 for each site. This
weighting scheme was used with the assumption that the
impacts of deer would decrease as time elapsed, however, I
did not know the exact weight of decrease, so I used a
linear scale of decrease. Once all of the weighted
densities were calculated from 2007 to 1995, the sum of all
weighted densities for a site was calculated. This total
was used as the weighted density for each site.

Meta-analysis
A meta-analysis was performed on the data of all four
indicator species to determine the total effect of each
wolf treatment on plant size. Two comparisons were made:
one to compare the 4-6 year wolf treatment to the nonwolf
treatment (control) and the other to compare the 12-13 year
wolf treatment to the nonwolf treatment.
The effect size of each treatment was first determined
in the following manner. First, average leaf area for each
wolf treatment (4-6 years and 12-13 years) was calculated,
as well as average leaf area for nonwolf treatment. These
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values were then compared by calculating a log response
ratio. A log response ratio is calculated by taking the
natural log (ln) of a ratio of the observed and expected
values of a variable (observed ÷ expected). In this case,
the observed values were the average plant sizes for each
wolf treatment (4-6 year and 12-13 year) and the expected
values were the average plant size for the nonwolf
treatment. The final equation for the log response ratio
looked like this:

Log response ratio = ln(mean wolf treatment ÷ mean nonwolf)

Separate response ratios were calculated for the effects of
the 4-6 year wolf treatment and the 12-13 year wolf
treatment for each species.
The data from all four species were then combined in a
random-effects model meta-analysis following the procedures
of Hedges and Vevea (1998). The effect sizes (log response
ratios) of each species were combined to create a common
effect size for each wolf treatment comparison. Each
species was weighted by their inverse sampling variance
prior to calculating combined effect size. In order to
determine if the treatment had significant effects on plant
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size, 95% confidence intervals were calculated and
significance analyzed by determining any overlap in the
confidence intervals with zero. If the confidence intervals
overlapped with zero, there was no effect of the treatment
on plant size. If the confidence intervals were on the
negative side and did not overlap with zero, a negative
effect of wolf treatment on plant size was present. If the
confidence intervals were on the positive side and did not
overlap with zero, wolf treatment had a positive effect on
plant size. Confidence intervals were calculated for each
species and for all species combined (total effect size)
for both the 4-6 year and 12-13 year wolf treatments.
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IV. RESULTS

POLYGONATUM PUBESCENS
I surveyed 1,268 Polygonatum pubescens at eight sites
(three nonwolf, two 4-6 year, and three 12-13 year sites).
The average proportion of reproductive plants increased
2.5-fold from 0.06 in 4-6 year wolf areas to 0.15 in 12-13
year wolf areas (Figure 1). The proportion of reproductive
plants in 12-13 year wolf sites was significantly greater
than the proportion of reproductive plants in both the
nonwolf and 4-6 year wolf sites (χ2 = 22.7, 15.5,
respectively, df = 1, P < 0.001). Reproduction in the
nonwolf sites was not significantly different from
reproduction in the 4-6 year wolf sites (χ2 = 0.0754, df =
1, P = 0.784).
Plant size varied among wolf treatments (Figure 2).
The box plots for both the nonwolf and 4-6 year wolf
treatments were identical, indicating a similar spread in
plant size at both sites. Average plant size for the 4-6
year wolf treatment was 33% greater than the nonwolf
treatment, however, that difference was not statistically
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significant. Average plant size for the 12-13 year wolf
treatment was 36% and 80% greater than the 4-6 year wolf
and nonwolf treatments, respectively, differences that were
significant. Median plant size was 56% greater in the 12-13
year wolf areas than both the 4-6 year and nonwolf areas.
The size structure of Polygonatum pubescens shifted
from smaller plants in the nonwolf and 4-6 year wolf
treatments to larger plants in 12-13 year wolf areas
(Figure 3). Size structure in the nonwolf and 4-6 year wolf
sites were not significantly different (two-sample
Kolmogorov-Smirnov: P = 0.196). Approximately 83% of plants
in both treatments were small plants (≤ 37.6 cm2) and
approximately 16% of plants in each treatment were midsized (54.2 – 150.5 cm2). The size structure of the 12-13
year wolf treatment was shifted significantly more toward
mid-sized plants than the nonwolf and 4-6 year wolf areas
(two-sample Kolmogorov-Smirnov: P < 0.001). Sixty-five
percent of plants in the 12-13 year wolf area were small
plants and 34 % were mid-sized, 15% more mid-sized plants
than the nonwolf and the 4-6 year wolf areas.
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Figure 1. Average proportion of reproductive Polygonatum
pubescens in each wolf treatment category surveyed from
June to August 2008. N = 3, 2, and 3, respectively.
(χ2 = 29.3, df = 2, P < 0.001).
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Figure 2. Plant size (total leaf area) of Polygonatum
pubescens in each wolf treatment category surveyed from
June to August 2008. Standard box plots were used to show
quartile information.

Marks the mean total leaf area for

each treatment. Letters indicate significance relationships
based on Tukey’s HSD tests (α = 0.05). N = 478, 327, and
433, respectively. (ANOVA: df = 2, F = 26.569, P < 0.001).
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Figure 3. Size structures of Polygonatum pubescens for each
wolf treatment surveyed from June to August 2008. Letters
in parentheses represent significance relationships based
on two-sample Kolmogorov-Smirnov analyses. N = 478, 327,
and 433, respectively.
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I also compared plant size and reproduction to the
weighted deer densities at the study sites. The method for
calculating weighted deer densities is summarized in Table
1. Weighted deer densities of sites where Polygonatum was
surveyed ranged from 67 deer/mi2 in the Pine Lake wolf pack
(12-13 year wolf treatment) to 149 deer/mi2 at nonwolf site
4 (Table 1). There was no significant difference in
weighted deer densities among wolf treatments (ANOVA: df =
2, F = 1.296, P = 0.352). Reproduction appeared to decrease
as weighted deer density increased with a difference of
approximately 17% reproduction between low density sites
and high density sites, however this relationship was not
significant at the α = 0.01 level (R2 = 0.554, P = 0.034, N
= 8). Plant size also showed a negative trend that was not
significant (R2 = 0.443, P = 0.071, N = 8).
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Table 1. Weighted deer densities of sites surveyed for
Polygonatum pubescens from June to August 2008. Weighted
deer density was calculated by taking the sum of weighted
yearly deer densities from 1995 to 2007. Yearly deer
densities were weighted by multiplying the density by
(1/number years since 2007), where 2007 was designated as
year 1 and 1995 as year 13. The yearly deer densities were
obtained from the Wisconsin DNR (2009b).

Site
Nonwolf 2
Nonwolf 3
Nonwolf 4
Pelican Lake
Pine Lake
Hellhole Creek

Wolf
Treatment
Nonwolf
Nonwolf
Nonwolf
4-6 year
12-13 year
12-13 year

Weighted Density
(Deer/mi2)
70
129
149
92
67
88

Reproduction and plant size were also compared to the
maple browse index calculated for each site. Maple browse
indices were used to gauge the intensity of deer browsing
at a particular site. Browse indices were not significantly
different among treatments (ANOVA: df = 2, F = 1.132, P =
0.408), as maple browse indices did not vary much among
sites (Table 2). Reproduction appeared to increase as the
maple browse index value increased, however, this
relationship was not significant (R2 = 0.181, P = 0.341, N =
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7). Average plant size also showed a positive trend with
the maple browse index, which was also not significant (R2 =
0.136, 0.415, N = 7). There was a difference of only 0.11
between the highest and lowest browse index values.

Table 2. Maple browse index values for sites surveyed for
Polygonatum pubescens from June to August 2008. Maple
browse index values were calculated as the average
percentage of stems browsed by deer per maple sapling at
each site.

Site
Nonwolf 2
Nonwolf 3
Nonwolf 4
Pelican Lake 2
Hellhole Creek 1
Hellhole Creek 2
Pine Lake 1

Wolf
Treatment
Nonwolf
Nonwolf
Nonwolf
4-6 year
12-13 year
12-13 year
12-13 year
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Maple Browse
Index Value
0.43
0.48
0.4
0.51
0.51
0.42
0.46

CLINTONIA BOREALIS
I surveyed 558 Clintonia borealis plants at four sites
(two nonwolf, one 4-6 year, and one 12-13 year). Only one
reproductive plant was surveyed in the 12-13 year wolf
area, while the nonwolf and 4-6 year wolf treatments did
not contain any reproductive plants in the surveyed area. A
few reproductive plants were observed at one of the nonwolf
sites (Nonwolf 2), however, they were outside of the sample
plots and thus were not sampled. Other reproductive plants
were also observed at the 12-13 year site (Hellhole Creek
2), however, they were also outside of the sampling area
and were not counted.
Clintonia borealis plants in the 4-6 year wolf area
were, on average, slightly smaller (4%) than plants in the
nonwolf treatment, a difference that was not significant.
Plants in the 12-13 year wolf treatment were, on average,
approximately 19% larger than plants in the nonwolf
treatment and 23% larger than plants in 4-6 year wolf
treatment (Figure 4). The median value for the 12-13 year
wolf treatment was 14% greater than the nonwolf treatment
and 21% greater than the 4-6 year wolf treatment. Plants in
the 12- 13 year wolf area were significantly larger than
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plants in the nonwolf treatment, but not the 4-6 year wolf
treatment.
The size structure of Clintonia borealis plants
differed among wolf treatment categories (Figure 5). The
nonwolf and 4-6 year wolf treatments were both shifted more
toward smaller plants than the 12-13 year wolf treatment.
Over 85% of plants in the nonwolf and 4-6 year wolf
treatments were 50 cm2 or smaller and 10-13% were between 51
and 100 cm2, while only 79% of plants in the 12-13 year wolf
treatment were 50 cm2 or smaller and 20% were between 51 and
100 cm2. Size structure was not significantly different
between nonwolf and 4-6 year wolf treatments (two-sample
Kolmogorov-Smirnov: P = 1.000), however, the size
structures of both the nonwolf and 4-6 year wolf treatments
were significantly different from 12-13 year wolf treatment
(two-sample Kolmogorov-Smirnov: P < 0.001 and P = 0.004),
respectively.
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Figure 4. Distribution of plant sizes (total leaf area) of
Clintonia borealis surveyed at each wolf treatment category
surveyed from June to August 2008. Standard box plots were
used to show quartile information.

Marks mean total leaf

area. Letters indicate significance relationships based on
Tukey’s HSD tests (α = 0.05). ANOVA: df = 2, F = P = 0.014.
N = 301, 68, and 189, respectively.
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Figure 5. Size structures of Clintonia borealis for each
wolf treatment surveyed from June to August 2008. N = 301,
68, and 189, respectively. Letters in parentheses represent
significance relationships calculated using a two-sample
Kolmogorov-Smirnov analysis.
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Plant size of Clintonia was also compared to the
weighted deer densities at each study site. The weighted
densities at sites where Clintonia was surveyed ranged from
70 deer/mi2 at nonwolf site 2 to 129 deer/mi2 at nonwolf
site 3 (Table 3). There was no significant difference in
weighted deer densities among wolf treatments (ANOVA: df =
2, F = 0.028, P = 0.973). Clintonia plants decreased in
size as weighted deer density increased, however, despite a
high R2 value (0.873), the relationship was not significant
(P = 0.065, N = 4) possibly as a result of the small sample
size of Clintonia sites.
Maple browse indices were also compared to the plant
size of Clintonia to determine if there was any
relationship between deer browsing intensity and the size
of Clintonia borealis. Maple browse index values were not
significantly different among treatments (ANOVA: df = 2, F
= 1.660, P = 0.481), as maple browse indices did not vary
much among sites (Table 4). Browse index values ranged from
0.42 to 0.51, a difference of only 0.09 between the highest
and lowest values. Average plant size and maple browse
index values also showed a negative trend with a high R2
value (0.587), but the relationship was not a significant
(P = 0.234, N = 4).
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Table 3. Weighted deer densities of sites surveyed for
Clintonia borealis from June to August 2008. Weighted deer
density was calculated by taking the sum of weighted yearly
deer densities from 1995 to 2007. Yearly deer densities
were weighted by multiplying the density by (1 ÷ number of
years since 2007), where 2007 was designated as year 1 and
1995 as year 13. The yearly deer densities were obtained
from the Wisconsin DNR (2009b).

Site
Nonwolf 2
Nonwolf 3
Pelican Lake
Hellhole Creek

Wolf
Treatment
Nonwolf
Nonwolf
4-6 year
12-13 year

Weighted Density
(Deer/mi2)
70
129
92
88

Table 4. Maple browse index values for sites surveyed for
Clintonia borealis from June to August 2008. Maple browse
index values were calculated as the average percentage of
stems browsed by deer per maple sapling at each site.

Site
Nonwolf 2
Nonwolf 3
Pelican Lake
Hellhole Creek

Wolf
Treatment
Nonwolf
Nonwolf
4-6 year
12-13 year
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Maple Browse
Index Values
43
48
51
42

TRILLIUM GRANDIFLORUM
I sampled 476 Trillium grandiflorum plants at
three sites (one site per wolf treatment). There was a
relatively small proportion of reproductive Trillium
grandiflorum. No reproductive Trillium plants were observed
at the 4-6 year site. The nonwolf site had a slightly
higher proportion of reproductive plants (7.9%) than the
12-13 year site (7.3%), a difference that was not
significant (χ2 = 0.0373, df = 2, P = 0.847). Both the
nonwolf and 12-13 year sites had significantly greater
reproduction than the 4-6 year wolf site (χ2: P = 0.005 and
0.007, respectively). These differences may not be
indicative of real differences in reproduction among
treatments as only one site per treatment contained enough
plants to produce large enough sample sizes for analysis.
Plant size varied among treatments (Figure 6).
Trillium grandiflorum in the 12-13 year wolf treatment
were, on average, 61% greater than plants in the 4-6 year
wolf treatment and 13% greater than plants in the nonwolf
treatment. Median plant size of Trillium in the 12-13 year
wolf treatment was 51% greater than the 4-6 year wolf
treatment and 24% greater than the nonwolf treatment. The
nonwolf and 12-13 year treatments contained significantly
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larger plants than the 4-6 year wolf treatment, but were
not significantly different from one another.
The size structures of Trillium grandiflorum for all
three treatments were significantly different from one
another (Figure 7). Plants in the 4-6 year wolf treatment
were all less than 80 cm2, and 94% had leaf areas of 50 cm2
or less, a structure that was skewed significantly more
toward smaller plants than the other two treatments (twosample Kolmogorov-Smirnov: P < 0.001). Seventy-seven
percent of plants were 50 cm2 or less and 18% were between
51 and 100 cm2 in the nonwolf treatment, while 73% of plants
were less than or equal to 50 cm2, and 25% were between 51
and 100 cm2 in the 12-13 year wolf treatment. Less than 5%
of the plants in both the nonwolf and 12-13 year treatments
were greater than 100 cm2. The size structure of Trillium in
the 12-13 year wolf treatment was much more even than the
size structure of Trillium in the nonwolf treatment, which
was skewed a little more toward small plants, a difference
that was also significant (two-sample Kolmogorov-Smirnov: P
< 0.001).
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Figure 6. Plant size (total leaf area) of Trillium
grandiflorum for each wolf treatment surveyed from June to
August 2008. Box plots show standard quartile information.
Marks mean plant size. Letters indicate significance
relationships determined using Tukey’s HSD tests (α =
0.05). ANOVA: df = 2, F = 8.394, P < 0.001.
and 191, respectively.
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Figure 7. Size structures of Trillium grandiflorum for each
wolf treatment surveyed from June to August 2008. N = 191,
94, and 191, respectively. Letters in parentheses represent
significance relationships among treatments based on twosample Kolmogorov-Smirnov analyses.
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I also compared the plant size of Trillium
grandiflorum to the weighted deer densities at each study
site. Weighted densities ranged from 70 deer/mi2 at nonwolf
2 to 92 deer/mi2 at Pelican Lake 1 (Table 5). Plant size
decreased as weighted deer density increased, however, the
relationship was not significant (R2 = 0.142, P = 0.754, N =
3). Weighted deer densities did not vary widely among
treatments as the total range in values was only 22
deer/mi2.

Table 5. Weighted deer densities of sites surveyed for
Trillium grandiflorum from June to August 2008. Weighted
deer density was calculated by taking the sum of weighted
yearly deer densities from 1995 to 2007. Yearly deer
densities were weighted by multiplying the density by
(1/number years since 2007), where 2007 was designated as
year 1 and 1995 as year 13. The yearly deer densities were
obtained from the Wisconsin DNR (2009b).

Site
Nonwolf 2
Pelican Lake 1
Hellhole Creek 2

Wolf
Treatment
Nonwolf
4-6 year
12-13 year
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Weighted Density
(deer/mi2)
70
92
88

Only two of the three Trillium sites had enough maple
to calculate a browse index. Since only two sites could be
compared a regression analysis was not performed. The maple
browse index values for those two sites differed by a value
of only 0.01 and contained plant sizes that were very
similar.

UVULARIA SESSILIFOLIA
I sampled 239 Uvularia sessilifolia plants at two
sites (one nonwolf site and one 4-6 year wolf site). The
only reproductive Uvularia surveyed was located in the
nonwolf site. Plant sizes at the two sites were not
significantly different (ANOVA: P = 0.571). Both sites had
an average leaf area of approximately 19 cm2 as well as the
same median, first and third quartile, and maximum values
while they differed somewhat in minimum plant sizes (Figure
8).
Size structure appeared to vary between treatments
(Figure 9), as the nonwolf site had a more varied size
distribution, while the 4-6 year site had mostly mid-sized
plants (11.5 – 29.5 cm2) and little variation. Mid-sized
plants accounted for 95% of the population in the 4-6 year
wolf site and 79% of plants in the nonwolf site. A two74

sample Kolmogorov-Smirnov analysis revealed that the size
distributions between the two treatments were not
statistically significant, however (P = 0.674).
Since Uvularia was present at only two sites, no
analyses were performed to compare plant size to weighted
deer density and maple browse index values. The nonwolf
site had a weighted deer density of 149 deer/mi2 and the 4-6
year site had a weighted density of 101 deer/mi2. As there
was not a difference in plant size between wolf treatment
sites, there was not a difference in plant size between
weighted deer densities or maple browse levels. Maple
browse intensity at the nonwolf site was 0.40 and 0.64 at
the 4-6 year wolf site, a range of 0.24. Regression
analyses were not performed since Uvularia was found at
only two sites.
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Figure 8.

Plant sizes (total leaf area) of Uvularia

sessilifolia for wolf treatments surveyed from June to
August 2008.
information.

Box plots represent standard quartile
Marks the mean plant size. ANOVA: df = 1,

F = 0.322, P = 0.571. N = 199 and 40, respectively.
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Figure 9. Size structures of Uvularia sessilifolia for wolf
treatments surveyed from June to August 2008. N = 199 and
40, respectively. Two-sample Kolmogorov-Smirnov: P = 0.674.
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EFFECT SIZES
Plant size was significantly greater in the 4-6 year
wolf treatment than the nonwolf treatments for Polygonatum,
while Trillium plant size was significantly lower in the 46 year wolf treatment than the nonwolf treatment (Figure 10
top). There was no difference in plant sizes between
nonwolf and 4-6 year wolf treatments for Clintonia and
Uvularia. The total effect size for all species combined
showed no difference in plant sizes between nonwolf and 4-6
year treatments.
Plants in the 12-13 year wolf treatment were
significantly larger than the nonwolf treatment for
Polygonatum and Trillium (Figure 10 bottom). The response
for Clintonia was positive, but very close to overlapping
zero, indicating the effect was smaller than Polygonatum
and Trillium. The total effect for all three species
indicated that 12-13 year wolf treatment plants were
significantly larger than nonwolf plants. Since no Uvularia
was found in any 12-13 year wolf sites there is no effect
size for Uvularia.
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Figure 10. Effect sizes for plant size of wolf treatments
surveyed from June to August 2008. Response ratios from
bottom to top represent Polygonatum, Clintonia, Trillium,
and Uvularia, and total effect size for all species in the
4-6 year comparison. Response ratios from bottom to top
represent Polygonatum, Clintonia, Trillium, and total
effect size for all species. Error bars represent 95%
confidence intervals.
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EXCLOSURES
Polygonatum pubescens
Reproduction was significantly greater in the
exclosures (no deer) than in any wolf treatment where deer
were present (χ2 = 393.8, df = 3, P < 0.001). Reproduction
was ten times greater in the exclosures than reproduction
in the nonwolf sites and almost five times greater than
reproduction in the 12-13 year sites, which had the highest
reproduction of all wolf treatments (Figure 11).
Polygonatum found in the deer exclosures were, on
average, 2.7 times larger than plants found in the 12-13
year wolf treatments, and almost 4 times larger than plants
in the nonwolf and 4-6 year wolf treatments (Figure 12).
These differences were highly significant. The size
structure of plants in the exclosures was significantly
different from any of the size structures of the wolf
treatments (two-sample Kolmogorov-Smirnov: P < 0.001). The
size structure of the exclosures was more evenly
distributed than any of the deer size structures, as no
plant size accounted for more than 15% of the population.
All treatments where deer were present were weighted
heavily toward small and mid-sized plants, with very few
larger plants (Figure 13).
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Figure 11. Average proportion of reproductive Polygonatum
pubescens from various treatments surveyed from June to
August 2008. Letters represent significance relationships
based on Chi-square analyses. N = 3 for all treatments.
χ2 = 393.8, df = 3, P < 0.001.
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Figure 12. Plant size (total leaf area) of Polygonatum
pubescens for various wolf treatments and deer exclosures
surveyed from June to August 2008. Standard box plots show
quartile information.

Marks mean plant size. Letters

indicate significance relationships determined using
Tukey’s HSD tests (α = 0.05). ANOVA: df = 3, F = 305.966, P
< 0.001. N = 477, 327, 434, and 310, respectively.
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Figure 13. Plant size distributions of Polygonatum
pubescens for various treatments surveyed from June to
August 2008. Letters in parentheses represent significance
relationships based on a two-sample Kolmogorov-Smirnov
analysis. N = 477, 327, 434, and 310, respectively.
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Clintonia borealis
Plant size was significantly larger when deer were not
present (in the exclosures) than when deer were present in
any wolf treatment. Plants in nonwolf areas were 7.5 times
smaller than plants in the exclosures (no deer). The
difference in plant size between the 12-13 year wolf
treatment and the exclosures was also quite large; plants
in the exclosures were 6.3 times larger than plants in the
12-13 year wolf areas (Figure 14). Reproduction was also
greater in the exclosures than in the areas with deer.
Approximately 5% of plants were reproductive in the
exclosures, whereas only one plant was reproductive out of
all 558 plants surveyed in wolf treatment areas.
Size structure in the exclosures differed
significantly from all of the deer treatments (two-sample
Kolmogorov-Smirnov: P < 0.001). The size structures of
plants in the areas with deer were weighted heavily toward
smaller plants (≤ 80 cm2), while the size structure of
plants in the exclosures was much more evenly distributed
(Figure 15). All plant size classes accounted for less than
20% of the total population in the exclosures, whereas the
smallest two size classes (≤ 20 and 21-40 cm2) each made up
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30-40% of the total population of all wolf treatments,
including the 12-13 year treatment.
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Figure 14. Distribution of plant sizes (total leaf area) of
Clintonia borealis surveyed in sites with deer and without
deer surveyed from June to August 2008. Standard box plots
were used to show quartile information.

Marks mean total

leaf area. Letters indicate significance relationships
based on Tukey’s HSD tests (α = 0.05). ANOVA: df = 3, F =
153.358, P < 0.001. N = 301, 68, 189, and 150,
respectively.
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Figure 15. Plant size distributions of Clintonia borealis
for various treatments surveyed from June to August 2008.
Letters in parentheses represent significance relationships
based on a two-sample Kolmogorov-Smirnov analysis. N = 301,
68, 189, and 150, respectively.
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V. DISCUSSION

EVIDENCE FOR A TROPHIC CASCADE
The data collected in this study indicate that wolves
in northern Wisconsin are initiating a trophic cascade that
allows plants to recover from sustained levels of intense
herbivory. While plant size and reproduction appeared to be
greater in areas of lower deer densities and maple browse
index values which is consistent with previous studies
(Anderson, 1994; Balgooyen & Waller, 1995; Rooney & Waller,
2001; Knight, 2003; Rooney & Gross 2003), lack of
significant relationships between deer densities and
measured variables suggest that another factor (wolf
treatment) may account for these differences. Regression
analyses revealed that the relationships between
reproduction and weighted deer densities and between plant
size and weighted deer densities were not significant for
all four species. Relationships with maple browse indices
also were not significant in any of the species for these
two variables.
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Other evidence suggesting that wolf treatment is
producing an effect on the plant community is the fact that
there were no significant differences in weighted deer
density among treatments for all indicator species. Had the
deer densities of the sites in the 12-13 year wolf
treatment been significantly lower than the densities at
nonwolf sites, the differences in plant size and
reproduction detected between wolf treatments could have
been confounded by differences in deer density. Differences
in maple browse intensity also were not significant among
treatments. Since neither one of these variables appears to
confound the effects of the wolf treatments on plant size
and reproduction, the differences in plant size and
reproduction among wolf treatments suggests the presence of
a wolf-initiated trophic cascade.
Polygonatum pubescens provides the strongest evidence
for this cascade as all variables tested were correlated
with time since wolf re-colonization in a manner consistent
with the presence of a trophic cascade. Significant
increases in plant size (Figure 2), reproduction (Figure
1), and shifts in size structure toward larger plants
(Figure 3) occurred when wolves were present in an area for
12-13 years. These trends provide evidence parallel to that
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of studies in Yellowstone supporting wolf-initiated trophic
cascades (Ripple et al., 2001; Ripple & Beschta, 2003)
where aspen and cottonwood began to recover in areas of
high wolf use predation risk.
Both Clintonia borealis and Trillium grandiflorum
showed similar trends in the data: increased plant size and
reproduction and shifts in size structure toward larger
plants when wolves were present for 12-13 years (Figures 47). It should be noted however, that these species were not
as abundant as Polygonatum at the study sites, and thus
treatments were not replicated. Taken by themselves, these
two species may not provide the best evidence for a trophic
cascade since lack of replication within treatments leaves
the possibility that these responses were the result of
differences in other site characteristics that were not
measured. The fact that these two species mirror the trends
observed in Polygonatum (a species with more replication)
lends more credence to these trends. It is also important
to note that when the effect sizes of these species are
analyzed with the effect size of Polygonatum to a create a
total effect size using a meta-analysis, the overall effect
of all three species is positive for the 12-13 year
treatment, indicating that plants of all three species are
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larger in 12-13 year wolf areas than in nonwolf areas
(Figure 10). This lends more support to the conclusion that
wolves are initiating a trophic cascade.
The evidence for a wolf initiated trophic cascade in
this system also indicates that there is a lag time between
wolf re-colonization and the emergence of significant plant
recovery. The presence of wolves in an area for 4-6 years
did not seem to be sufficient to cause a significant change
in plant size and reproduction, however, the presence of
wolves for 12-13 years did show such a change (Figure 10).
A few potential explanations for this lag time can be
derived from the literature. The first is that predators
and prey may interact and adjust to one another differently
at different sites (Ripple & Beschta, 2003), thus causing
variation in the time it takes for wolves to produce any
significant effect on deer that would translate into plant
recovery. Another explanation along those lines is that
there is a period after wolves are reintroduced during
which deer are learning to adjust their levels of vigilance
in order to escape being eaten (Laundré et al., 2001), so
that a reduction in the effects of deer on the plant
community do not occur until after vigilance levels of deer
have adjusted and stabilized in response to wolves. Another
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explanation is that wolves tend to hunt prey in the center
of their territories first, working their way to the edges
after prey have been depleted from their territory core
(Hoskinson & Mech, 1976; Mech, 1977), so that the impacts
of wolves on plant recovery would be noticed first in the
core of the territory and later on the periphery of the
territory. Sites in the 4-6 year wolf areas may have been
closer to the edges of the pack core than sites in the 1213 year wolf areas, therefore wolves may not have had as
great an influence on the deer, and thus the plants, in the
4-6 year sites if they had not yet depleted their prey
stores from the core of the territory. Even if the 4-6 year
sites were still within the core of the territory, it may
be that the wolves had not depleted the deer population in
the core sufficiently to reduce numbers and release plants
from browse pressure, while 12-13 years may have been a
sufficient amount of time to produce such effects.
Lack of a significant response in the 4-6 year wolf
treatment may have also been due to the sampling design of
this experiment, specifically that for all of the indicator
species, the 4-6 year wolf treatment was represented by
only one wolf pack. The 4-6 year wolf sites for
Polygonatum, Clintonia, and Trillium were all located in
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the Pelican Lake wolf pack. The lone 4-6 year site for
Uvularia was surveyed in the Escanaba Lake pack area. For
all species besides Polygonatum, the 4-6 year treatment was
represented by only one site and thus one pack, while
Polygonatum was represented by two 4-6 year wolf sites both
within the Pelican Lake pack area.
This pseudoreplication could result in responses that
are somewhat misleading. The plants surveyed for the 4-6
year wolf treatment were all within one wolf pack thus the
characteristics of the plants within that treatment were
influenced by one wolf pack only, and thus could be
characteristic of only that wolf pack. It is possible that
the Pelican Lake pack was not representative (for whatever
reason) of other packs its age, therefore the results of my
study would not be indicative of packs in the 4-6 year age
range. It may very well be that for other packs that were
4-6 years old plant recovery was already significant.
Pseudoreplication also occurred in the 12-13 year
treatment of Polygonatum. Two out of the three sites in
that treatment were located in the Hellhole Creek wolf
pack, thus that pack may have been influencing my results
more than the Pine Lake pack where the third site was
located. Again, if the Hellhole Creek were an atypical
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pack, the results of this study may not be representative
of other wolf packs that age. With regards to the
pseudoreplication of the 12-13 year wolf treatment, it
seems unlikely that the Hellhole Creek pack would have
influenced the results much more than the Pine Lake pack
because one of the Hellhole Creek sites had approximately
the same sample size as the Pine Lake site and the other
Hellhole Creek site added only 30-40 more plants to the
analysis. So despite being represented by two sites, the
Hellhole Creek pack was represented by only a few more
plants than the Pine Lake pack.

STRENGTH OF INTERACTIONS
The trophic cascade in this system appears to produce
a clear signal—plant recovery from intense deer browsing
occurs when wolves are present with a lag time of
approximately 12-13 years before effects are visible. This
lag time between wolf re-colonization and plant responses
is also characteristic of terrestrial trophic cascades,
which seem to take longer to manifest than aquatic trophic
cascades (Steneck, 2005). The overall effect of the 12-13
year wolf treatment on plant size appears to be relatively
strong (Figure 10), however, when put into perspective with
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the results from the exclosure, the increase in plant size
due to wolf treatment seems small compared to the effects
of total deer removal (Figures 12 and 14). It may be that
as more time progresses, plant size will increase even
more, or it may be that these effects are limited by other
properties of the system and will not recover to the same
extent as when deer are completely excluded.
There are a few possible explanations for the reduced
response in wolf treatments compared to the exclosures.
Properties of the plants such as edibility and palatability
may result in attenuation of the trophic cascade (Steneck,
2005). Another possible explanation may be that population
densities of deer in Wisconsin are so high that despite
strong interactions between wolves and deer, the effects of
these interactions are less than might be found in a more
balanced system where deer aren’t so abundant. Another
reason the recovery of plants may be limited is that wolf
territory boundaries often shift over time, probably in
response to deer abundance and the pattern in which wolves
harvest deer within their territory (Mech, 1977).

As

boundaries shift or wolves change where in their territory
they hunt for deer, deer may move back into areas where
plant recovery was occurring and reverse any recovery that
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was occurring. As a result of this attenuation, the trophic
cascade initiated by wolves may only be strong enough to
produce an alternate stable state for these understory
species.

FUTURE DIRECTIONS
While data collected for this study indicate that
wolves in northern Wisconsin are initiating a trophic
cascade that allows plants to recover from decades of
intense browsing, many aspects of this system still need
further exploration. Polygonatum pubescens proved to be a
good indicator species for this system because it was a
species clearly favored by deer, it appeared sensitive to
deer browsing, and also because it was abundant and
widespread enough to be detected in large enough numbers
and at enough sites to provide replication for this study.
The other three species, while palatable and sensitive to
deer browsing, may not be abundant and widespread enough to
be used as an accurate indicator species for this system.
Further studies are necessary to determine whether
these species are abundant enough to be good indicators.
One way to do this might be to locate (in an unbiased way)
study sites within and outside of wolf areas where each of
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these species can be found in abundance and survey them
separately, rather than trying to sample all four species
at one site. When conducting my surveys, I often noticed
that had the transect been shifted 10 or 20 meters in
another direction, I could have been surveying Clintonia in
abundance, rather than Polygonatum. Even within the same
site, it might be beneficial to set up separate transects
for each species in a way that a larger enough sample size
can be collected without biasing the sample in any way
towards a particular plant size or reproduction level. If
these species are still not abundant enough on the
landscape the use of other palatable, browse-sensitive
species should be investigated.
It would also be beneficial to survey areas where
wolves have been present for different amounts of time from
the time frames used in this study. Surveying wolf packs
that are between 7 and 11 years old will help determine
exactly how long it takes after wolf re-colonization for
plants to respond. If there is no response to wolf presence
during this time frame, it can be concluded that it takes
at least 12 years for the effects of wolves on the system
to be noticeable. Surveying sites older than 12 years will
also be beneficial as it will provide insight to the limits
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of the effects of wolves on the system and determine
whether wolves will continue to have an increasing effect
on plant size and reproduction as they have been around
longer, or whether responses will level off and reach a new
equilibrium much lower than if deer were completely
removed. Surveying more packs per treatment with only one
site per pack would also be a good way to eliminate the
potential biases of pseudoreplication.
Other studies that would eliminate possible
confounding variables from the equation would also be
useful. Studies that compare light and soil values among
sites would be useful to eliminate them as confounding
variables. Studies that control for deer densities across
wolf treatments would be useful to eliminate any possible
deer density effects and to show the true influence of
wolves on the system. A more accurate way of determining
deer density within each site surveyed would also be
beneficial. Deer density estimates were calculated from
data collected for the deer management unit (DMU) in which
a site was located. The area of the DMU is much larger than
the site area, and any wolf pack territory for that matter.
As the deer density for a given DMU is most likely
heterogenous, site densities may have been grossly over or
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under-estimated. Having a more accurate estimation of deer
density at a site would provide a more accurate picture of
exactly how much of an influence density has on plant size
and reproduction compared to wolf treatment. More accurate
deer densities could be obtained through deer pellet counts
combined with other measures such as maple browse intensity
and/or Trillium height, etc.
More accurate deer density estimates at each site
could also help determine the mechanism that is driving
this trophic cascade. By determining the approximate deer
density in a wolf pack over a few years, the effect of
wolves on the deer population could be monitored. If the
effect is due to a reduction in number of deer in the pack
area, plant responses would be correlated with decreases in
deer density within a pack. If the deer density does not
drop as a response to wolf activity, it would be suggestive
that this trophic cascade is behaviorally-mediated. In this
case, it would also be beneficial to monitor any changes in
deer behavior as a response to wolves, specifically looking
at vigilance responses and changes in land use. Studies
similar to Ripple & Beschta (2003) in Yellowstone that look
at browse intensities in areas considered high predation
risk and low predation risk should be conducted to
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determine if deer are altering their land use patterns and
avoiding areas where they would be at a higher risk of
predation.
Studies that look at changes in vigilance in response
to wolves would also be beneficial, but more difficult to
conduct as studies in Yellowstone were performed in more
open habitat than the forests of northern Wisconsin. These
studies might be accomplished using a suite of different
strategies. Camera traps set up at feeding stations in high
and low wolf use and predation risk areas could be used to
look at trends in spatial use and tree stands could also be
used during the fall, winter, and early spring to observe
deer behavior firsthand.

100

APPENDIX A
SUPPLEMENTAL WOLF TERRITORY METHODS

GENERATION OF WOLF DATA BY (WIDNR)
Wolf territories are created from wolf observation
data using the minimum convex polygon method and ArcGIS.
Wolf observation data is collected in the form of snowtrack surveys, aerial tracking of radio-collared animals,
summer howl surveys, and other observations. Mapped
territories include territories of established packs of two
or more individuals as well as a few lone wolves with
established territories. Territories are constructed for
both packs with radio-collared animals and packs without
collared animals using different criteria: radio-collar
data for collared packs and other observations for noncollared packs. Territory maps have been created for data
collected as far back as 1979 (Wydeven et al., 2009).
Territories of collared wolves are created from a
minimum of 20 radio collar locations. Unless part of a
cluster, radio collar locations greater than 5 km away from
the main cluster of locations are excluded from the
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territory analysis. Clustered areas are incorporated into
the pack territory. Approximately 27% of the winter wolf
population and 56% of wolf packs were radio-collared from
1980-1990, dropping to 16% of the winter wolf population
and 43% of wolf packs from 1991-2007 as the wolf population
and number of pack territories increased. The territories
created from radio-collar data in one year are used in
subsequent years unless new data suggests a shift in the
territory boundaries, in which case the new data are used.
Aerial surveys are used to estimate pack size of radiocollared wolves, as, often, collared wolves are observed
with their packs during winter aerial surveys (Wydeven et
al., 2009).
Non-collared pack territories are created using
multiple types of data, including snow track data,
locations of wolf signs, and observations of wolves.
Distinctions between two non-collared packs are inferred
from distances between snow tracks and other observations.
The number of snow tracks observed in a given year is used
to estimate the pack size for that territory (Wydeven et
al., 2009).
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ASSOCIATED FIGURES

Figure 16. Map of Wisconsin displaying the locations of all
wolf pack territories accounted for during the 2007 season.
This map was created in ArcGIS from shape files of pack
territories obtained from the Wisconsin DNR (Wiedenhoeft,
2008).
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Figure 17. Map of wolf territories and sites surveyed from
June to August 2008. Shape files of wolf territories were
obtained from the WiDNR (Wiedenhoeft, 2008) and used to
create this map in ArcGIS.
104

ASSOCIATED TABLES
Table 6. Radio collar history for wolf packs selected for
this study. X represents years in which radio collar data
was used to generate pack territories and includes years in
which previous radio collar data was used to generate pack
territories. E represents years in which other observations
were used to estimate pack territories.

0 represents years

in which data for the pack was not available. --- indicates
the pack was not yet established. Data was obtained from
the attribute tables attached to the shapefiles in ArcGIS.
Shapefiles were obtained from the Wisconsin DNR
(Wiedenhoeft, 2008).

PACK

AGE

2007

2006

2005

2004

2003

2002

2001

2000

1999

1998

1997

1996

1995

Escanaba Lake
Pelican Lake
Pine Lake

4

X

E

0

E

---

---

---

---

---

---

---

---

---

6

E

E

0

X

X

X

---

---

---

---

---

---

---

12

X

X

X

X

X

E

X

X

X

X

X

X

---

Hellhole Creek

13

X

X

X

X

X

X

X

X

X

X

X

E

E
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Table 7. Pack size and reproductive history of packs
selected for this study. * Indicates a pack was
reproductive. ** Indicates reproductive status was
uncertain. Data was obtained from the attribute tables
attached to the shapefiles in ArcGIS. Shapefiles were
obtained from the Wisconsin DNR (Wiedenhoeft, 2008).
PACK

2007

2006

2005

2004

2003

2002

2001

2000

1999

1998

1997

1996

1995

AVG

Escanaba Lake

6**

2

N/A

3

---

---

---

---

---

---

---

---

---

3.7

Pelican Lake
Pine Lake
Hellhole Creek

3**

N/A

N/A

2

2

4

---

---

---

---

---

---

---

2.8

6*

2*

N/A

2

3+

5

5

3

4

2

3

2

---

3.4

5*

4*

N/A

3

5

6

7

4

4

6

3

5

2

4.5
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APPENDIX B
COUNTY DESCRIPTIONS

Survey sites were located across six counties in
northern Wisconsin: Ashland, Bayfield, Forest, Iron,
Oneida, and Vilas. The following tables provide
descriptions of the land usage as well as characteristic
vegetation of each county. Also included are deer density
and wolf pack info for each county.

LAND COVER CHARACTERISTICS
Land area varied from 757.3 mi2 in Iron County to
1,476.25 mi2 in Bayfield County (Table 8). The percentage of
the county covered by forest ranged from 70% in Ashland
County to 92% in Iron County. Forested land area ranged
from 458,159 acres in Ashland County to 780,948 acres in
Bayfield County. At least 50% of forested lands were public
lands in all counties except Oneida County. The percentage
of land classified as urban ranged from 0.3% to 1.1%. Human
populations ranged from 6,861 people in Iron County to
36,776 people in Oneida County (Table 8).
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Table 8. Summary of land cover characteristics of the six
counties in northern Wisconsin where survey sites were
located. Data was obtained from the Wisconsin Counties
Association (2009) and the Wisconsin Department of Natural
Resources (2009a).

County

Land
area
(mi2)

Forest
Cover

Ashland
Bayfield
Forest
Iron
Oneida
Vilas

1,043.82
1,476.25
1,014.10
757.30
1,124.70
872.80

70%
83%
87%
92%
71%
76%

Forested
land
area
(Acres)
458,159
780,948
564,121
481,992
574,494
488,569

Public
Forested
Land
~
>
>
>
<
~

50%
50%
50%
50%
50%
50%

Urban
Human
Land Population
0.5%
0.3%
0.3%
0.3%
1.1%
1.0%

16,866
15,013
10,024
6,861
36,776
21,033

MAJOR VEGETATION TYPES
The major types of vegetation are very similar in all
six counties. Most of the major vegetation types are forest
which would be expected as each county has high percentages
of forested land. Descriptions of the major types of
vegetation found in each county are located in Table 9.
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Table 9. Major vegetation types found in the six counties
where sites were surveyed from June to August 2008.
Information was obtained from the Wisconsin Counties
Association website (2009).
Vegetation

Sugar maple/hemlock/yellow birch forests,
balsam fir/ white spruce forests, black spruce,
tamarack, and cedar swamps
Sugar maple/hemlock/yellow birch forests,
balsam fir/white spruce forests, black spruce,
Bayfield tamarack, and cedar swamps, Red and white pine
forests, jack pine forests, small areas of
prairie
Sugar maple/basswood/yellow birch forests,
Forest
conifer swamps
Sugar maple/hemlock/yellow birch forests,
Iron
balsam fir/white spruce forests, black spruce,
tamarack, and cedar swamps
Sugar maple/hemlock/yellow birch forests,
Onieda
conifer swamps, red and white pine forests,
jack pine forests, small areas of prairie
Sugar maple/hemlock/yellow birch forests, black
spruce, tamarack, and cedar swamps, red and
Vilas
white pine forests, jack pine forests, small
areas of prairie
Ashland

DEER AND WOLF CHARACTERISTICS
The counties located farther west (Ashland, Bayfield,
and Iron) were home to more wolf packs than the more
eastern counties (Forest, Oneida, and Vilas). Wolves
recolonized the western counties a little earlier than the
eastern counties. Fall deer densities in 2007 ranged from
13-25 deer/mi2 in Iron County to 15-51 deer/mi2 in Oneida
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County (Table 10). Winter deer density trends mirrored fall
deer density trends, ranging from 11-19 deer/mi2 in Iron
County to 12-37 deer/mi2 in Oneida County.

Table 10. Deer and wolf characteristics of six counties in
northern Wisconsin where survey sites were located.
Displayed are ranges of 2007 deer densities obtained from
the Wisconsin DNR (2009b). Wolf pack data was obtained from
wolf maps created using shapefiles of wolf packs present in
2007 obtained from the Wisconsin DNR (Wiedenhoeft, 2008).

County

Wolf
Packs

Ashland
Bayfield
Forest
Iron
Oneida
Vilas

14
21
6
11
9
6

Fall deer
density
(deer/mi2)
13 - 34
30 - 46
16 - 29
13 - 25
15 - 51
15 - 48
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Winter deer
density
(deer/mi2)
12 - 26
20 - 35
14 - 22
11 - 19
12 - 37
12 - 36

APPENDIX C
SITE DESCRIPTIONS

I surveyed a total of 12 sites from June to August
2008. Three of the sites I surveyed (one from each
treatment) did not yield enough data to be used in the
analysis. Since there was no analysis on the data collected
at those sites, they are not included in the site
descriptions below.

PHYSICAL CHARACTERISTICS
All of the sites surveyed were located on bedrock made
of igneous, metamorphic, and volcanic rock (Table 11). The
bedrock depth was at least 50 ft from the surface for all
sites except Hellhole Creek 2, where the bedrock was 5 – 50
ft below the surface. The soil was either sand or sand and
gravel at all sites. Soil texture was medium coarse to
coarse and permeability was categorized as high-medium to
high at all sites.
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Table 11. Soil and bedrock properties of the sites surveyed
in northern Wisconsin from July to August 2008. Data was
obtained from the Wisconsin DNR (Wisconsin Department of
Natural Resources, 2001a-d).
Site

Soil type

Soil
Texture

Soil Permeability

Nonwolf 2

Sand and
Gravel

Coarse

High

Nonwolf 3

Sand and
Gravel

Coarse

High

Nonwolf 4

Sand

Coarse

High

Escanaba 2

Sand and
Gravel

Coarse

High

Pelican Lake 1

Sand and
Gravel

Medium
coarse

High-medium

Pelican Lake 2

Sand and
Gravel

Medium
coarse

High-medium

Pine Lake 1

Sand

Medium
coarse

High-medium

Hellhole Creek 1

Sand

Medium
coarse

High-medium

Hellhole Creek 2

Sand

Medium
coarse

High-medium

Bedrock Type

Bedrock Depth
(ft. from
surface)

Igneous,
metamorphic,
volcanic
Igneous,
metamorphic,
volcanic
Igneous,
metamorphic,
volcanic
Igneous,
metamorphic,
volcanic
Igneous,
metamorphic,
volcanic
Igneous,
metamorphic,
volcanic
Igneous,
metamorphic,
volcanic
Igneous,
metamorphic,
volcanic
Igneous,
metamorphic,
volcanic

50 - 100
> 100
> 100
> 100
50 - 100
> 100
50 - 100
50 - 100
5- 50

DEER DENSITIES
The average fall and winter deer densities were
calculated for each site using data from 1995 to 2007.
Average fall deer densities ranged from 25 to 60 deer/mi2.
Fall densities at nonwolf sites ranged from 26 to 60
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deer/mi2. Fall deer densities ranged from 36 to 52 deer/mi2
for the sites in the 4-6 year wolf treatment and 25 to 30
deer/mi2 for the sites in the 12-13 year wolf treatment.
Average winter deer densities ranged from 19 to 45 deer/mi2
for all sites. Winter deer densities ranged from 19 to 45
deer/mi2 for nonwolf sites, 36 to 52 deer/mi2 for 4-6 year
sites, and 19 to 22 deer/mi2 for 12-13 year sites over the
13 year period.

Table 12. Deer density characteristics of the sites
surveyed in northern Wisconsin from June to August 2008.
Average deer densities and standard deviations over the
previous 13 years (1995 to 2007) were calculated for each
site. Data were obtained from the Wisconsin DNR (2009b).

Site
Nonwolf 2
Nonwolf 3
Nonwolf 4
Escanaba 2
Pelican Lake 1
Pelican Lake 2
Pine Lake 1
Hellhole Creek 1
Hellhole Creek 2

Average fall
deer density
(deer/mi2)
26 ± 1.7
51 ± 4.6
60 ± 5.1
52 ± 4.0
36 ± 2.4
36 ± 2.4
25 ± 1.6
30 ± 1.6
30 ± 1.6

Average winter
deer density
(deer/mi2)
19 ± 1.1
38 ± 3.2
45 ± 3.9
39 ± 3.3
29 ± 1.9
29 ± 1.9
19 ± 1.4
22 ± 1.4
22 ± 1.4
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Minimum
deer density
(deer/mi2)
13
22
26
24
21
21
12
12
12

Maximum
deer density
(deer/mi2)
39
87
102
79
53
53
37
39
39

VEGETATION
A brief description of the overstory and understory
vegetation was recorded at each site. Six sites were
located in areas where the canopy was dominated by maple
and other hardwood species. Three sites were located in
mixed pine/hardwood stands. Mixed pine stands tended to
have slightly more open canopies than maple sites. The
understory at most sites was fairly open, with mostly
grasses, shrubby vegetation, and a few saplings.
Descriptions of the survey sites are presented below by
treatment group.

Nonwolf Sites
Nonwolf site 4 was located in mixed pine/maple areas
and nonwolf sites 2 and 3 were located in maple/other
hardwood areas. The overstory at nonwolf 2 was mostly maple
with some ash trees. The understory was covered with grass
(Caris pennsylvanica), some ferns, and an abundance of
Uvularia grandiflora. The ground was covered with leaf
litter. Nonwolf 3 was also located under a maple overstory
with birch and hemlock, rather than ash. The understory was
relatively bare with an abundance of Polygonatum pubescens,
Clintonia borealis, and grasses. Nonwolf 4 was located
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under a mixed pine/maple overstory. There was an abundance
of seedlings in the understory. The herbaceous vegetation
consisted of an abundance of Uvularia sessilifolia,
Polygonatum pubescens, and grasses. A list of the species
found at each nonwolf site is presented in Table 13.

4-6 Year Wolf Sites
Escanaba site 2 was a mixed pine/maple site. The
Pelican Lake sites were both maple/other hardwood sites.
Escanaba 2 was located under a canopy dominated by pine
with a few sugar maple. The understory consisted of dense
patches of red maple and oak saplings. The forest floor was
matted with barren strawberry (Waldsteinia fragarioides),
starflower (Trientalis borealis), and grasses. Pelican Lake
1 was located on the edges of a hemlock stand. The canopy
immediately above the site was mostly maple. The understory
was matted by grasses with some ferns, a few bushy
herbaceous plants, and some fir seedlings. Pelican Lake 2
was located under a mostly maple canopy mixed with some
birch trees and a few ash trees. The understory included
mostly ferns and grasses. The ground was covered with dead
leaves, rocks, and some large downed woody debris. A more
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complete list of the species found at these sites is
presented in Table 14.

12-13 Year Wolf Sites
All of the 12-13 year sites were located under maple
canopies. Pine Lake 1 was located under a closed canopy of
mostly maple. The area was abundant with maple seedlings.
The understory was fairly open with ferns and grasses as
well as an abundance herbaceous species including
Polygonatum pubescens and Smilacina racemosa. Hellhole
Creek 1 was located under a fairly closed maple canopy. The
understory consisted of a few ferns, tree saplings, and
blue cohosh (Caulophyllum thalictroides), as well as the
indicator species present. Most of the maple saplings were
above 2m tall. Hellhole Creek 2 was also located under a
fairly closed, mostly maple canopy. The understory
consisted of some ferns, grasses, and an abundance of tree
seedlings. Clintonia borealis, some of which were
reproductive, was abundant. Most of the reproductive
Clintonia plants were located just outside of the sampling
plots. A list of the species found at each 12-13 year wolf
site is presented in Table 15.

116

Table 13. Plant species found at each nonwolf site. General
vegetation data were collected when I returned to each site
in June 2009. Sites were relocated and vegetation data
collected along a transect of approximately 130m at each
site.

All plant species observed along the transect were

recorded. Common names are listed for most species. A
complete list of common and latin names follows in Table
16.

Overstory
Species

Nonwolf 2

Nonwolf 3

Nonwolf 4

Sugar maple

Sugar maple

Red maple

White ash

Hemlock

Red oak

White birch

White birch

Red pine

Yellow birch

Tree
seedling
species

Herbaceous
Understory
Species

White birch

Sugar maple

Sugar maple

Red oak

Balsam fir

Fir

Red maple

2 Unidentified species

Quaking aspen

2 Unidentified species

Trillium grandiflorum

Polygonatum pubescens

Starflower

Polygonatum pubescens

Caris Pennsylvanica

Barren strawberry

Uvularia grandiflora

Barren strawberry

Canada mayflower

Clintonia borealis

Jack in the pulpit

Uvularia sessilifolia

Starflower

Ferns

Polygonatum pubescens

Caris pennsylvanica

False Solomon's seal

False Solomon's seal

Ferns

Canada mayflower

Bunchberry dogwood

Canada mayflower

Clintonia borealis

Ferns

Jack in the pulpit

Starflower

Caris pennsylvanica

Blue cohosh

Blue cohosh

Clintonia borealis

Bloodroot

Bunchberry dogwood

Wild sarsparilla

Moosewood

Licopodium spp.

2 Unidentified species

Canada honeysuckle

Maidenhair fern
1 Unidentified species
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Table 14. Plant species found at each 4-6 year wolf site.
General vegetation data were collected when I returned to
each site in June 2009. Vegetation data was collected along
a transect of approximately 130m at each site. All plant
species observed along the transect were recorded. A more
complete list is not available for Pelican Lake 2 as it was
logged during the winter of 2008. Common names are listed
for most species. A complete list of common and latin names
follows in Table 16.

Overstory
Species

Escanaba 2

Pelican Lake 1

Pelican Lake 2

Red pine

Sugar maple

Sugar maple

Red maple
Oak
White birch

White birch
Hemlock

White birch
Ash

Oak

Balsam fir

Sugar maple

Red maple

Sugar maple

1 unidentified species

1 unidentified species

Barren strawberry

Clintonia borealis

Ferns

Caris Pennsylvanica
Starflower
Ferns
False Solomon's seal
Uvularia sessilifolia

Polygonatum pubescens
Trillium grandiflorum
Trillium cernuum
Canada mayflower
Caris pennsylvanica
Sedges

Caris pennsylvanica
Clintonia borealis
Polygonatum pubescens
Trillium grandiflorum

Yellow birch

Woody
Understory
Species

Herbaceous
Understory
Species

Starflower
Jack in the pulpit
Barren strawberry
Licopodium spp.
Wild sarsparilla
3 Unidentified species
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Table 15. Plant species found at each 12-13 year wolf site.
General vegetation data were collected when I returned to
each site in June 2009. Vegetation data was collected along
a transect of approximately 130m at each site. All plant
species observed along the transect were recorded. Common
names are listed for most species. A complete list of
common and latin names follows in table 16.

Overstory
Species

Hellhole Creek 1

Hellhole Creek 2

Pine Lake 1

Sugar maple

Sugar maple

Sugar maple

Yellow birch
Shagbark hickory
Basswood

Basswood
Yellow birch

White ash
Yellow birch

Sugar maple

Sugar maple

White ash

Woody
Understory
Species

Herbaceous
Understory
Species

Sugar maple
Hop hornbeam
Basswood

White ash
1 Unidentified species

2 Unidentified species
Polygonatum pubescens

Starflower

Polygonatum pubescens

Trillium grandiflorum
Starflower
Caris Pennsylvanica
Ferns
Jack in the pulpit
Barren strawberry
Canada mayflower
Blue cohosh

Canada mayflower
Ferns
Caris pennsylvanica
Clintonia borealis
Barren strawberry
Trillium grandiflorum
Uvularia sessilifolia
Wild sarsparilla

Jack in the Pulpit
Ferns
Caris pennsylvanica
Starflower
Canada mayflower
Uvularia grandiflora
Blue cohosh
False Solomon's seal

Wild sarsparilla

Blue cohosh
Bedstraw
2 Unidentified species

Bunchberry dogwood
3 Unidentified species
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Table 16. Common and latin names of plant species found at
the sites surveyed for this experiment.
Common name
Red pine
Oak
Red maple
White birch
Yellow birch
Hemlock
Shagbark hickory
Basswood
Balsam fir
Canada mayflower
Starflower
Bunchberry dogwood
False Solomon's seal
Barren strawberry
Jack in the pulpit
Wild sarsparilla
Blue cohosh
Bedstraw
Moosewood
Maidenhair fern
Bloodroot
Canada honeysuckle

Latin name
Pinus resinosa
Quercus sp.
Acer rubrum
Betula papyrifera
Betula alleghaniensis
Tsuga canadensis
Carya ovata
Tilia americana
Abies balsamea
Maianthemum canadens
Trientalis borealis
Cornus canadensis
Smilacina racemosa
Waldsteinia fragaroides
Arisaema tryphyllum
Aralia nudicaulis
Caulophyllum thalictroides
Galium verum
Viburnum nudum
Adiantum pedatum
Sanguinaria canadensis
Lonicera canadensis
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SITE LOCATIONS

Table 17. Site coordinates of all sites surveyed from June
to August 2008.
Site

Latitude

Longitude

Nonwolf 1

45.965110 N

89.052680 W

Nonwolf 2

45.520780 N

88.716720 W

Nonwolf 3

45.791160 N

89.395760 W

Nonwolf 4

45.877650 N

89.560080 W

Escanaba 1

46.062800 N

89.631200 W

Escanaba 2

46.084320 N

89.570440 W

Pelican Lake 1

45.548210 N

89.299350 W

Pelican Lake 2

45.502170 N

89.310990 W

Pine Lake 1

46.220110 N

90.217320 W

Pine Lake 2

46.250330 N

90.175330 W

Hellhole Creek 1

46.215780 N

90.913050 W

Hellhole Creek 2

46.275600 N

90.941950 W

Exclosures 1

46.152083 N

89.666167 W

Exclosures 2

46.478980 N

90.496760 W
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APPENDIX D
LEAF AREA CURVES
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Figure 18. Leaf area curve for Polygonatum pubescens.
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Figure 19. Leaf area curve for Uvularia sessilifolia.
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Figure 20. Leaf area curve for Clintonia borealis.
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Figure 21. Leaf area curve for Trillium grandiflorum.
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